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ABSTRACT 
   
Here I present a phylogeographic study of at least six reproductively isolated 
lineages of harvester ants within the Pogonomyrmex barbatus and P. rugosus species 
group. The genetic and geographic relationships within this clade are complex: four of the 
identified lineages are divided into two pairs, and each pair has evolved under a 
mutualistic system that necessitates sympatry. These paired lineages are dependent 
upon one another because interlineage matings within each pair are the sole source of 
hybrid F1 workers; these workers build and sustain the colonies, facilitating the 
production of the reproductive caste, which results solely from intralineage fertilizations. 
This system of genetic caste determination (GCD) maintains genetic isolation among 
these closely related lineages, while simultaneously requiring co-expansion and 
emigration as their distributions have changed over time. Previous studies have also 
demonstrated that three of the four lineages displaying this unique genetic caste 
determination phenotype are of hybrid origin. Thus, reconstructing the phylogenetic and 
geographic history of this group allows us to evaluate past insights and plan future 
inquiries in a more complete historical biogeographic context. Using mitochondrial DNA 
sequences sampled across most of the morphospecies' ranges in the U.S. and Mexico, I 
employed several methods of phylogenetic and DNA sequence analysis, along with 
comparisons to geological, biogeographic, and phylogeographic studies throughout the 
sampled regions. These analyses on Pogonomyrmex harvester ants reveal a complex 
pattern of vicariance and dispersal that is largely concordant with models of late Miocene, 
Pliocene, and Pleistocene range shifts among various arid-adapted taxa in North 
America. 
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Chapter 1 
INTRODUCTION 
Phylogeography is an integrative field of study, drawing upon a wide array of 
micro- and macro-evolutionary disciplines (Avise 2000).  Its aim is to elucidate the causal 
framework responsible for the often-observed correlation between genealogical lineages 
and geographic distributions.  A phylogeographic approach is also appealing to biologists 
interested in the evolution of broadly distributed species groups because of its explicit 
emphasis on the two primary drivers of neutral divergence, space and time (Avise 2000). 
The arid lands of the North American Southwest have long been an area of 
interest for traditional biogeography because of the area’s unique collection of species-
rich regional deserts hemmed in by a series of largely parallel mountain ranges.  The 
core set of regional deserts were first enumerated on the basis of plant diversity more 
than 60 years ago (Shreve 1942).  However, the rise of modern phylogeography, 
facilitated by advances in sequencing technology and the discovery of rapidly evolving 
markers suitable for intraspecific phylogenetics, has provided new insights into the 
spatiotemporal patterns of divergence within the many broadly distributed species groups 
throughout these regions (Zink et al. 2000, Riddle and Hafner 2006a).  The recent surge 
in these studies has also allowed for new methods of meta-analyses.  Comparative 
phylogeography seeks to identify generalized hypotheses of endemism, dispersal, and 
vicariance by incorporating data from a taxonomically diverse but co-distributed set of 
species groups (Arbogast and Kenagy 2001, Riddle and Hafner 2006b).  These studies, 
which have primarily focused on patterns in reptiles, rodents, and birds, have not only 
furthered our understanding of historical vicariance events in these regions, but they have 
also provided keen support for the use of phylogeographic methods when investigating 
the evolution of any broadly distributed species group.  As stated in Riddle et al. (2000a), 
these studies have demonstrated that “taxonomic species frequently fail to capture the 
inherent geographic diversity in two ways.”  The first occurs because multiple divergent 
lineage groups are often embedded within the range of a single morphospecies, and the 
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second failure arises because phylogenetic analyses among closely related samples 
often reveal that the nominal morphospecies is not monophyletic.   
To date, there have been comparatively few phylogeographic studies on 
invertebrate taxa in this region.  However, the harvester ant genus Pogonomyrmex 
contains two well-studied sister species, P. barbatus and P. rugosus, whose monophyly 
has been clearly challenged by recent evidence for historical hybridization and 
mitochondrial introgression between lineages of the two species (Helms Cahan and 
Keller 2003).  These hybrid lineages have drawn particular interest because of their 
association with a unique system of genetic caste determination (GCD) found only in 
these two species.  P. barbatus and P. rugosus are also among the most ecologically 
dominant and geographically widespread members of their genus, which makes them 
frequent study organisms in a group of seed-harvesting ants that has become famous as 
a model for foraging ecology (Hölldobler and Wilson 1990).  Despite the intensity of study 
on this group, relatively little is known about the broader phylogeographic patterns of 
dispersal and vicariance for these or any of the other species in this genus.  This makes 
them an ideal candidate for phylogeographic investigation, as such analyses have the 
potential to inform both specific hypotheses on the origins and evolution of the unique 
GCD phenotype, as well as to provide a model for further investigations on the broader 
evolutionary patterns of the genus and similarly-distributed invertebrate taxa throughout 
the arid Southwest.   
Taxonomists studying the morphology of Pogonomyrmex have long detected 
patterns of hybridization and noted significant intraspecific variation across the broad 
distributions of some species (Cole 1968).  It was only within the last decade, however, 
that researchers uncovered the molecular signals of both previous hybridization and 
more recent reproductive isolation among four lineages nested within the sister species 
complex of P. barbatus and P. rugosus (Julian et al. 2002, Volny and Gordon 2002, 
Helms Cahan and Keller 2003).  More importantly, these newly discovered lineages were 
found to possess a wholly unique form of genetic caste determination (GCD), different 
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from the well studied environmental caste determination (ECD) mechanisms that rely on 
nutritional and hormonal cues to control female (diploid) brood development in most ants 
(Nijhout and Wheeler 1982, Wheeler 1986, Evans and Wheeler 2001).  In contrast, 
female brood in a GCD colony appear to have lost almost all plasticity for caste 
development, with a very strong correlation between genotype and eventual caste fate 
(Julian et al. 2002, Volny and Gordon 2002).  As with other eusocial hymenoptera, 
unfertilized haploid eggs still develop into males. 
The workers of P. barbatus and P. rugosus are sterile.  Thus, the evolution of a 
strict genetic mechanism that always forces certain genotypes to develop into workers 
would seem to be unstable and presumably short lived.  The seemingly paradoxical 
evolution of a bias towards sterility was possible in this system because GCD lineages 
are always found in pairs.  Queens of each paired lineage are polyandrous; they 
generate new reproductive daughters via matings with males from their own group, and it 
is only the interlineage (effectively F1-hybrid) matings that produce sterile workers (Julian 
et al. 2002, Volny and Gordon 2002, Helms Cahan and Keller 2003).  It is their mutual 
dependence on an F1 interlineage workforce that necessitates sympatry for paired 
lineages, but because only intralineage fertilizations achieve reproductive status, the 
paired groups remain reproductively isolated.   
 Two such systems of dependent lineage pairs are known (but see Schwander et 
al. 2007).  Here I refer to them as either J lineages (J1/J2) or H lineages (H1/H2), named 
for the sites where they were initially discovered near a highway junction and the town of 
Hidalgo, respectively (Helms Cahan and Keller 2003).  However, these lineages are 
morphologically cryptic: the J lineages are generally indistinguishable from the 
(presumed) ancestral ECD P. barbatus, and the H lineages are generally 
indistinguishable from the ancestral ECD P. rugosus (Anderson et al. 2006).  Thus, I will 
adopt the nomenclature of that paper here, using the taxonomic names “P. barbatus” and 
“P. rugosus” to refer to nominal morphospecies in the absence of genetic data on caste 
phenotype (ECD or GCD). 
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 Despite intensive study on the local occurrence of the J and H lineage pairs, 
numerous questions remained about the origins and distributions of these lineages, the 
latter potentially serving as an indicator of the age, success, and evolutionary stability of 
the system (Anderson et al. 2006).  To address these questions, Anderson et al. (2006) 
collected allozyme data from colony samples of workers and gynes throughout the U.S. 
portion of the species pair’s range.  Combined with a mitochondrial DNA (mtDNA) 
phylogeny, they were able to identify the range of the J lineages as a geographically 
discrete subset of the morphospecies P. barbatus, confined mostly to the Apache 
Highlands Ecoregion and with no apparent overlap between the ranges of the two groups 
(Fig. 1 in Anderson et al. 2006).  The distribution of P. rugosus–like H lineages showed 
more overlap between both ECD P. rugosus in the west and ECD P. barbatus in the east.  
Despite these areas of sympatry and parapatry, genetic analyses found no evidence for 
current hybridization among any of these six lineages (Anderson et al. 2006). 
Phylogenetic analyses in three separate studies have confirmed a pattern of 
bidirectional mitochondrial introgression among the J and H lineages, which is among the 
most conspicuous lines of evidence for ancestral hybridization (Helms Cahan and Keller 
2003, Anderson et al. 2006, Schwander et al. 2007).  The J1 lineage samples are 
confined to a single monophyletic clade nested within the ECD P. rugosus branch of the 
tree, indicating that they possess an introgressed mitochondrial haplotype.  Similarly, 
both H lineages seem to possess introgressed mitochondria, as their sequences are 
confined to a single monophyletic clade, rooted by the J2 lineage and nested within what 
has been identified as the broader ECD P. barbatus set of haplotypes (Fig. 2 in Anderson 
et al. 2006). 
One hypothesis for the evolution of this unique system has focused on the 
evidence for historical hybridization in the J and H lineages, suggesting that the GCD 
system’s loss of developmental plasticity for caste development occurred as a direct 
result of genetic reshuffling among hybrids of the two species (Helms Cahan and Keller 
2003).    However, Anderson et al. (2006) disputed the characterization of the J2 lineage 
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as a hybrid, noting that only the other three GCD lineages (J1, H1, and H2) showed a 
clear pattern of hybrid introgression.  Additionally, Anderson et al. (2006) argued that the 
patterns of mtDNA divergence among the four GCD lineages were inconsistent with a 
hypothesis of a single hybrid origin because the J2 lineage was much more highly 
diverged than the others, indicating that it may have been much older.  This led to the 
hypothesis that the unique GCD system may have evolved in the ancestors of the J2 
lineage first, before the noted hybridization events occurred (Anderson et al. 2006).  This 
hypothesis posits the spread of the GCD phenotype as a self-selecting egoistic gene 
system, which may have secondarily introgressed into the J1 and H lineages (Anderson 
et al. 2006). 
One additional line of evidence comes from a key P. barbatus sample from 
southern Mexico, near the limit of the species’ southern range.  The MX2 sample has an 
unknown caste phenotype, but it occupies a basal position within the J2 clade in the 
phylogeny of Anderson et al. (2006).  This raised the possibility that the J2 lineage might 
extend through central Mexico, perhaps with some form of ancestral GCD that did not 
include J1, and such a finding would add support to the hypothesis that the unique caste 
determination system may be older than the hybrid J1 and H lineages (Anderson et al. 
2006).  Despite continued study in the U.S. portion of their range, this debate remains 
unresolved.  It will likely prove intractable until the genetic architecture guiding GCD 
brood development is discovered.  However, researchers on both sides of the debate 
have pointed to the need for a more thorough geographic sampling of the species 
complex, with an emphasis on the vastly understudied portions of its range throughout 
the arid lands of Mexico (Anderson et al. 2006, Schwander et al. 2007). 
 Here I present a broad phylogeographic study of the nominal morphospecies P. 
barbatus and P. rugosus using mitochondrial gene sequences.  As far as I am aware, this 
is among the first geographically-complete phylogeographic studies for any group within 
the genus, and perhaps the first for any native ant in North America.  This means that 
very little is known about either the age or geographic shape of the ancestral lineage-
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sorting events that eventually gave rise to these two species.  Fortunately, there has 
been a great deal of study on arid-adapted vertebrate species throughout western North 
America, so I am able to frame my predictions according to several established 
vicariance paradigms for the region.  Where the current distributions reflect a relatively 
stable and ancient range from the late Miocene to Pliocene, I should expect to find broad 
patterns of isolation coinciding with tectonic events that formed the major mountain 
ranges and other geologic transformations that underlay the early formation of regional 
deserts (Riddle and Hafner 2005).  However, the more recent climatic oscillations of the 
Pleistocene caused repeated episodes of desert expansion and contraction, and these 
processes may also have led to fragmentation as groups became isolated in separate 
refugia (Riddle and Hafner 2005).  Finally, there is the potential for lineages to span 
across multiple regional deserts, which is generally interpreted as evidence for very 
recent expansion after the last glacial retreat ~11,000 years ago (Riddle and Hafner 
2005). 
With respect to the distribution of the J and H lineages, nothing is known about 
the extent to which they may inhabit as-yet unsampled portions of their morphospecies’ 
respective ranges.  The phylogeny reported in Anderson et al. (2006) included a single P. 
barbatus sample from Mexico that was nested within the J2 clade of GCD P. barbatus.  
This makes further investigation of this region critical for any inference on the origins of 
the primary GCD clade, which includes ¾ of the known GCD lineages (J2 as well as H1 
and H2).  However, given the relatively weak branch support for the basal J2 branches 
reported in that study, it is also possible that the P. barbatus of central Mexico are simply 
a distinct and long diverged clade, and that the referenced sequence was placed within 
the J2 group as an artifact of the phenomenon known as long branch attraction.  In either 
case, it is also noteworthy that the other Mexican P. barbatus sample included in that 
study appeared to be closely related with the ECD P. barbatus found far to the north in 
Texas and New Mexico (Anderson et al. 2006).  This may indicate a broader pattern of 
East-West division within the P. barbatus species.
  7 
Chapter 2 
MATERIALS AND METHODS 
Distribution mapping and sample collection 
This study includes collections from a large number of focused transects, the 
sum of which covers the majority of each species’ known range (Cole 1968, Johnson 
2000).  These transects were designed to achieve two primary goals.  The first was to 
acquire a broad range of roughly evenly distributed samples, allowing me to produce a 
more complete picture of lineage differentiation across the combined range of the two 
species.  The second goal was to refine the estimates of each species respective 
distributions, with an emphasis on demarcating subgroup boundaries (if present), as well 
as areas of transition and sympatry between species/lineages.  These focal areas were 
predicted from the published distribution maps of the two morphospecies , and from arid 
habitat transition zones reported in broad biogeographic studies (e.g. Riddle et al. 2006, 
Brown 2007).  In addition, I also collected qualitative data on the density and apparent 
continuity of local and regional scale distributions for each morphospecies.  This process 
was constrained by time and limited road accessibility in various remote regions, and a 
thorough update to the published distributions of these species is beyond the scope of 
this study.  However, I will refer to these observations in the results and discussion, 
including several tentative suggestions for amendments to the published distributions. 
Our phylogenetic analyses include 158 single worker samples, including 111 new 
collections and 47 sequences from a previous study (Anderson et al. 2006) (See Table 1 
for detailed summary). Each worker sample represents a single population from one of 
141 discrete geographic sites, covering most of the known range of the two species (Fig. 
1).  Seventeen of the 141 sites were identified apriori as areas of sympatry between two 
lineages; thus each of these sites was included twice, with one sample for each lineage.  
Following the descriptions for P. barbatus and P. rugosus by Cole (1968), a combination 
of head and thorax sculpture, as well as color, was used to assign samples from each 
site to either of two nominal morphospecies.  Because there is often considerable 
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variation in these traits within and among neighboring populations, multiple collections 
from multiple colonies were used (where available) to assign morphospecies despite 
there being only a single sample included for molecular analysis. 
 
 
Figure 1: Distribution of 158 localities sampled throughout the known range of 
Pogonomyrmex barbatus and P. rugosus (identified by morphology only).  Major 
mountain ranges (A-G), rivers (a-c), and bodies of water correspond to biogeographic 
regions and vicariance hypotheses discussed in the text. 
 
Molecular methods 
To examine the evolutionary relationships among (mitochondrial) lineages using 
phylogenetic analysis, I sequenced a portion of the mitochondrial gene cytochrome c 
oxidase subunit I (cox1) from 111 single worker samples drawn from 97 sites.   Total 
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genomic DNA was extracted from individual workers, which had been preserved in either 
95% ethanol or kept alive until transfer to a -80 °C freezer, using a standard Chelex 
solution extraction modified from Volny and Gordon (2002).  Briefly: Each ant’s head and 
thorax were crushed with a pestle in a 1.5ml microcentrifuge tube containing a solution of 
150µl of 20% Chelex and 2µl of Proteinase K (20mg/ml).  These solutions were 
incubated for 6-12 hours at ~57 °C and then rapidly heated to ~95 °C for 5-10 minutes to 
denature the Proteinase K.  Finally, samples were centrifuged at high speed for 15 
minutes, and the DNA-containing supernatant was removed.  Two primer pairs were 
used to amplify  partially overlapping regions of mitochondrial DNA (mtDNA) according to 
the polymerase chain reaction (PCR) methods described in Anderson et al. (2006).  PCR 
products were purified with ExoSAP-IT according to the manufacturer’s suggested 
protocol (USB), and then run on an ABI 377 automated sequencer.  The first primer pair, 
“Ben3R” (Brady et al. 2001) and “Jerry” (Simon et al. 1994), yielded an approximately 
450bp fragment after sequencing from both directions and aligning reverse complements.  
The second primer pair, “LCO” and “HCO” (Folmer et al. 1994), yielded more than 650bp 
of sequence with both primers included.  After removing redundant sites in the 
overlapping region and aligning my sequences to other cox1 sequences published in 
GenBank, the combined fragments had a final length of 1054bp. 
 
Sequence alignment and dataset assembly 
Using the program Bioedit version 7.09 (Hall 1999), the 111 new sequences 
were manually aligned against 47 P. barbatus and P. rugosus sequences used in another 
study (Anderson et al. 2006).  In addition to sequence length, the related issue of 
sequence quality can also become important when there are large amounts of missing 
data that may mask informative variation among samples.  The 111 new sequences were 
of mostly high quality, with 93% of the sequences containing less than 1% missing data.  
However, the sequences from Anderson et al. (2006) possessed notably reduced 
coverage in the adjoining region of the two primer pairs, resulting in 85% of the 47 
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sequences containing between 3-5% missing data after alignment with the new data.  To 
test for any potential confounding effects from the inclusion of these shorter sequence 
reads, I performed separate analyses that excluded the missing data and compared the 
resulting topologies (see Distance based analyses below).  All missing data was believed 
to result from sequencing limitations so no gaps were inferred for the alignment. 
Outgroup selection was potentially problematic due to several levels of 
taxonomic ambiguity within the genus Pogonomyrmex.  In addition to the previously 
mentioned evidence for hybridization and horizontal gene transfer within the focal species 
pair, the broader phylogenetic relationships of the genus have also been subject to 
considerable debate, and recent evidence has suggested that several other species 
within the P. barbatus complex may be paraphyletic (Parker and Rissing 2002).  To avoid 
these ambiguities I included three progressively distal outgroup species, P. bicolor, P. 
badius, and P. huachucanus (Table 1).  All three of these species were identified as 
sister to the P. barbatus complex in Parker and Rissing’s study. 
The resulting 161-sequence alignment represented my full dataset, which was 
used to estimate substitution rate patterns and pairwise sequence divergence.  It was 
also used for my preliminary phylogenetic analyses with two distance-based methods, 
neighbor joining (NJ) and minimum evolution (ME).  The results of my initial tree 
searches and pairwise distance calculations revealed a large number of highly similar or 
identical samples that were minimally informative.  These redundant samples were 
removed to create a reduced alignment of 99 sequences, which was employed for my 
primary phylogenetic analyses with the more computationally demanding character-
based methods of maximum parsimony (MP) and maximum likelihood (inferred through 
Bayesian analysis).   
Monophyletic clades (as identified by NJ and ME criterion) that contained 
redundant samples (≤3bp divergence) were grouped, and a single representative for 
each group was randomly chosen after eliminating group members with inferior sequence 
quality.  A total of 33 redundant sample groups were identified (Table 1), and 61 samples 
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were pruned from the full dataset.  In addition, the furthest removed outgroup sample, P. 
huachucanus, was also removed, leaving the reduced alignment at 99 sequences.  This 
condensed dataset allowed me to focus my primary analyses on the deeper clade 
relationships that were of interest for this study, rather than diverting computational effort 
towards the shallow nodes, which are in any case better addressed with other methods 
(Posada and Crandall 2001).  Furthermore, a case study by Milinkovitch et al. (1996) 
emphasized that the inclusion of large numbers of “redundant” taxa can be ineffective, or 
even deleterious, when conducting tree searches under character based methods such 
as maximum parsimony and maximum likelihood. 
 
Preliminary (distance-based) phylogenetic analyses and model selection 
Initial analyses on the full (161-sequence) dataset were employed to achieve 
three preliminary goals, and their results provided insight that informed the design of my 
primary phylogenetic analyses.  First, the program MEGA 4.04 (Tamura et al. 2007) was 
used to estimate patterns of nucleotide substitution and potential site saturation by 
calculating transition/transversion ratios across all pairwise comparisons.  The data’s 
substitution patterns were further analyzed with Modeltest 3.07 (Posada and Crandall, 
1998), which used a hierarchical series of NJ trees estimated in PAUP* 4.0b10 (Swofford 
2002) to select a best-fit model of evolution for the full (and later the condensed) 
dataset(s).  In both analyses, all three criterion employed by Modeltest suggested the 
most complex model of sequence evolution available, (general time reversible with 
gamma distributed among-site rate variation and a proportion of invariant sites; 
GTR+I+G).     
The second step in my preliminary analyses involved the use of rapid 
phylogenetic tree searches using both the neighbor joining (NJ) and minimum evolution 
(ME) criterion in MEGA.  The GTR+I+G model is not implemented in MEGA 4.04, but I 
selected the Maximum Composite Likelihood option as the closest approximation, with a 
gamma shape parameter of 0.6757 as estimated by the Akaike information criterion (AIC) 
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in Modeltest.  The results from these searches were summarized with 50% majority rule 
consensus trees (generated from 1000-2000 pseudo-replicate bootstraps), which were 
used to compare estimates of support for major branches in the recovered topologies.  
These trees led to the creation of the reduced (99-sequence) dataset as described 
above.   
The last of these preliminary tests was a sensitivity analysis, designed to 
evaluate topological stability under various parameter options.  To test for possible 
effects from the sequences with missing data, each NJ and ME run was repeated with 
both pairwise and complete deletion options for missing sites, the latter of which reduced 
the dataset to a 907bp alignment with zero missing sites for all sequences.  To test for 
any bias introduced by condensing my dataset, all of the aforementioned analyses were 
repeated on both the full (161-sequence) and the reduced (99-sequence) dataset.     
 
Primary phylogenetic analyses 
The reduced (99-sequence) dataset was examined under the maximum 
parsimony criterion as implemented in PAUP* 4.0b10 (Swofford 2002), with all positions 
and nucleotide substitutions weighted equally.  I used a heuristic tree search using 100 
replicate random stepwise additions with a maximum search length of 1000 seconds per 
replicate, and the tree bisection and reconnection branch swapping algorithm, to 
construct my initial set of most parsimonious trees.  Branch support was estimated with a 
similar tree search for each of 1000 bootstrap pseudo-replicates, except that only 10 
stepwise addition replicates were used per bootstrap, and the search length for each of 
those replicates was reduced to 100 seconds.  These results were then used to construct 
a 50% majority rule consensus tree.  A second parsimony analysis on the full (161 
sequence) alignment was used to test for bias introduced by the construction of my 
reduced dataset.  For efficiency, this analysis used very restrictive search limits (10 
seconds per replicate, 100 replicates), and it did not include bootstrapping to measure 
support. 
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The reduced dataset was also analyzed with the maximum likelihood (ML) model 
suggested by Modeltest (GTR+I+G) as implemented in the program MrBayes 3.1.2 
(Huelsenbeck and Ronquist 2001).  MrBayes uses a Metropolis-coupled MCMC (Markov 
chain Monte Carlo) approach to estimate both the tree topology and the parameters 
which best fit the data.  The process samples a large number of similar topologies with 
roughly equal probabilities, and the frequency of a node among all such trees provides an 
approximation of its posterior probability, which is a measure of its statistical support 
(Holder and Lewis 2003).  I used the default implementation of two parallel runs, each 
consisting of one “cold” and three “heated” chains, and the default flat priors for each 
parameter.  Ideally, independent parallel runs converge in a region of stationarity, after 
which they should continue to sample the same range of equally likely topologies 
indefinitely.  However, Bayesian analysis is a stochastic process that can become 
trapped at local optima, and it can be difficult to correctly identify when the chains have 
reached stationarity (Holder and Lewis 2003).  To further ensure that individual analyses 
did not become fixed on local optima, I compared the results from six separate analyses, 
each with two parallel runs as described above.  Analyses were run for 14-30 million 
generations with sampling every 1000th generation.  In addition, three heating schemes 
were employed in an attempt to increase the efficiency of the Metropolis-coupled MCMC, 
with two runs each at temperatures of 0.15, 0.2 (the default), and 0.25.  Convergence 
and stationarity were assessed using the standard deviation of split frequencies (SDSF), 
as well as the potential scale reduction factors for each parameter and plots of log 
likelihood versus generation, as generated within MrBayes.  In addition, the program 
Tracer 1.4.1 (Rambaut and Drummond, 2008) was used to visually inspect plots of all 
parameters versus generation for evidence of non-stationarity.  All runs appeared to 
reach stationarity within the first 1-3 million generations, and the results prior to this point 
were discarded as “burn in” before constructing phylograms from the remaining posterior 
distribution of trees.  The phylograms from each independent run were then compared to 
assess convergence.  It should be noted that a closer inspection of the log likelihood 
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plots and the SDSF for the initial runs, which used the default 0.2 temp parameter, 
revealed significant fluctuations after reaching apparent stationarity.  This led me to 
reevaluate each run with multiple putative burn in fractions, ranging from 10-75% of the 
total sample.  This instability was less evident in other runs, but it was noted even in the 
latter half of the longest run (30 million generations) with the default temperature.  In 
contrast, the runs with an increased temperature of 0.25 achieved apparent stationarity 
much earlier, and their SDSF values steadily decreased over time. 
 
Estimates of genetic diversity, divergence, and demographic history 
Relative levels of divergence among major regional clades, as identified in my 
phylogenetic analyses, were estimated by calculating intergroup averages for 
uncorrected pair-wise sequence divergence (p-distance) among all samples in MEGA.  
Intragroup averages were also calculated as an estimate of sequence diversity within 
each clade.  Additionally, the program DnaSP  5.00.07 (Librado and Rozas 2009) was 
used to calculate Fu’s FS statistic (Fu 1997).  Fu’s FS evaluates sequence variation under 
a neutral model, and it is especially powerful at detecting the excess of rare haplotypes 
associated with recent population growth (Fu 1997, Ramos-Onsins and Rozas 2002).  
Statistical significance was estimated in DnaSP by comparing the observed FS test 
statistic against a distribution simulated under the coalescent model, with 10,000 
replicates. 
 
Inferring caste determination mechanisms 
Previous studies on the distribution of genetic caste determination (GCD) 
lineages in P. barbatus and P. rugosus (Anderson et al. 2006, Schwander et al. 2007) 
have relied on genotypic assays of both workers and reproductive female gynes to detect 
the discrete pools of genetic diversity for each caste that are characteristic of the GCD 
system.  However, the reproductive caste is only present in harvester ant colonies for a 
few months prior to the summer rains that initiate their mating flights, and the winged 
  15 
reproductives are rarely found outside the nest before the day when they first take flight.  
These factors, combined with the breadth of my sampling, made colony level assays for 
GCD unfeasible for this study.  Fortunately, three previous studies have confirmed that 
the GCD phenotype maps onto just two discrete and apparently monophyletic clades in 
mtDNA phylogenies constructed from cox1 sequences (Helms Cahan and Keller 2003, 
Anderson et al. 2006, Schwander et al. 2007).  To the extent that this pattern is 
maintained across a broader geographic range, it is possible to define samples as 
derived from either a GCD or ECD clade based on phylogenetic analyses.  Thus, I can 
indirectly infer their caste determination phenotype. 
However, one possible exception to the apparent monophyly of the GCD clades 
is the P. barbatus sample identified as MX2 in Anderson et al. (2006), which was 
recovered within the J2 clade in their study.  The caste determination mechanism for this 
sample remains unknown, but its geographic position in southern Mexico is 
conspicuously removed from the known GCD lineages with P. barbatus morphology (J1 
and J2).  Thus, determining the true phylogenetic position and caste determination 
phenotype of this and other southern Mexico samples is important for geographically and 
phylogenetically rooting the GCD phenotype in P. barbatus.  I have included this sample 
in my analyses, although its caste determination phenotype remains unknown.   The 
significance of this sample will be examined in the Results and Discussion.   
Additionally, Anderson et al. (2006) provided a broad sample of sequences with 
known ECD or GCD phenotypes that can be incorporated into my analyses, allowing me 
to infer the caste phenotype of closely related populations.  Critically, two other 
populations included in this study (PbQ1 and PbQ2), were also identified as ECD though 
the use of microsatellite markers in workers and gynes (data not shown).  However, it 
should be noted that our as yet limited knowledge of the origins and genetic mechanisms 
of the GCD system necessarily means that I cannot definitively assign the ECD or GCD 
phenotype to any particular colony that has not been individually assayed.  Rather, my 
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approach here is focused on the phylogeography of discrete mitochondrial lineages, 
including those which have been uniquely associated with the GCD phenotype. 
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Chapter 3 
RESULTS 
Sequence variation and patterns of substitution 
 Of the 1054 positions analyzed in the full (161-sequence) dataset, 729 sites were 
invariant and 229 were parsimony informative (including both ingroup and outgroup 
sequences).  The condensed (99-sequence) dataset had less informative variation, (760 
invariant and 205 parsimony informative sites), but 42% of this difference was due to the 
exclusion of the P. huachucanus sample from the reduced dataset.  As is generally 
expected for coding sequences, the vast majority of substitutions observed in my cox1 
sequences seem to be restricted to the degenerate third position (91% of pairwise 
differences).  The high level of between site rate variability was also reflected in my 
various estimates of the gamma shape parameter using Modeltest and MrBayes, all of 
which suggested an alpha less than 1.0.  The plots in Figure 2 also reveal a significant 
bias in the substitution rates for transitions and transversions, and there is strong 
evidence for transition saturation at the third codon position.  However, a partitioned 
analysis reveals that it is only the more distant outgroup samples that show a marked 
decline in their transition/transversion ratio; thus, saturation is unlikely to significantly 
confound any of my ingroup comparisons. 
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Figure 2: Visual depiction of evolutionary rates across the three codon positions, as 
shown by plotting the number of transitions versus the number of transversions for all 
pairwise comparisons in the 161 sequence alignment. 
 
 
Phylogenetic results 
A comparison of consensus trees from each of the six independent Bayesian 
analyses on this dataset revealed strong agreement among replicate runs, with identical 
topologies and similarly high support values for all major nodes.  A 50% consensus 
phylogram from the sixth run, which provided the largest pool of quasi-independent 
replicate trees sampled at stationarity, is shown here with Bayesian posterior probability 
(BPP) values and average branch lengths estimated from 45,000 trees (Fig. 3).  Most 
major branches had strong support, (i.e., BPP values ≥0.95), but I accepted major clades 
with BPP ≥0.85 as reasonably well supported.  The focal species pair, P. barbatus and P. 
rugosus, were strongly supported (BPP=1.00) as a monophyletic ingroup relative to the 
P. badius and P. bicolor samples, although only P. badius was manually assigned to root 
the tree.  Even after setting aside the established mtDNA introgression of several GCD 
lineages (J1 and H1/H2), the two putative species groups could not be considered  
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Figure 3: Bayesian consensus phylogram for the reduced dataset, showing inferred 
phylogenetic relationships among 97 samples of P. barbatus and P. rugosus.  Support for 
major branches is indicated with Bayesian posterior probabilities (above) and parsimony 
bootstrap values (below in parentheses).  Several major clades were not recovered in the 
parsimony bootstrap consensus tree and are marked with (na), (see Results).  Terminal 
sample IDs include morphospecies (or previously identified J lineage).  Thirty-three 
sample IDs are followed by a group ID (e.g., Pr445-G15), indicating that these terminals 
represent two or more populations with highly similar or identical haplotypes (see Table 1 
and Methods).  Colored bars (far right) indicate macro groups corresponding to 
geographical distributions (Fig. 4), as well as known or inferred* caste determination 
phenotype.  Symbol columns adjacent to sample IDs refer to geographically distinct 
subgroups (Fig. 5), and Roman numerals in parentheses refer to simplified distribution 
maps for each subgroup (Figs. 6 & 7). 
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monophyletic because of at least two other cases where nominal P. rugosus samples 
were recovered within the larger P. barbatus clade.  To simplify the discussion of these 
inconsistencies, all samples were given a nominal mtDNA species tag according to the 
initial species bifurcation in the phylogeny (Table 1). 
 
 
Figure 4: Distribution of all major macro group clades as identified in the phylogeny (Fig. 
3).  Major mountain ranges (A-G) and rivers (a-c) are discussed in the text and listed in 
the legend for Figure 1. 
 
The two mtDNA species clades were divided into a series of seven 
geographically or functionally discrete macro groups (Fig. 4).  Six of the macro groups 
contained reciprocally monophyletic subclades that corresponded to discrete geographic 
distributions, so they were further divided into 16 total subgroups (Fig. 5).  Note that 
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these group labels were applied to aid in phylogenetic and phylogeographic discussion, 
and they should not be interpreted as formal taxonomic designations. 
 
 
Figure 5: Distribution of all major subgroup clades as identified in the phylogeny (Fig. 3).  
Major mountain ranges (A-G) and rivers (a-c) are discussed in the text and listed in the 
legend for Figure 1. 
 
All samples from the previously characterized populations with GCD were 
restricted to just two monophyletic clades, in a pattern largely consistent with the 
phylogenies suggested by Anderson et al. (2006) and Schwander et al. (2007).  The 
fifteen J1 lineage samples were recovered in a single, moderately well supported 
(BPP=0.87) monophyletic clade within the P. rugosus species subtree (Fig. 3).  Twelve of 
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the fifteen total J1 samples were contained within a strongly supported subclade 
(BPP=1.00), which is more consistent with the well supported J1 clade identified in 
Anderson et al. (2006).  The remaining three J1 samples form a less well-supported 
(BPP=0.78) sister group to the primary J1 subclade (Fig. 3), and they were collected in a 
previously unsampled portion of the J1/J2 range at the southeastern portion of the 
Apache Highlands Ecoregion in Mexico. 
The second GCD clade is larger and contains three lineages: J2, H1, and H2.  As 
reported previously (Anderson et al. 2006, Schwander et al. 2007), the known H1 and H2 
lineage samples did not assort into reciprocally monophyletic mtDNA clades, but the 
combined H lineages clade was strongly supported as monophyletic and sister to the J2 
lineage (Fig. 3).  Interestingly, the J2 lineage samples were not supported as 
monophyletic; rather, they were divided between two subclades that formed an 
unresolved multifurcation together with the combined H lineages clade (Fig. 3). 
In total, these clades include 14 newly discovered populations of J lineage P. 
barbatus, and 24 new populations of H lineage P. rugosus.  Taken together, these 
samples dramatically increase the inferred distribution of populations with GCD.   my 
results also suggest that the J2 lineage of P. barbatus, which is centered around 
southeastern Arizona, is more closely related to geographically distant populations of P. 
barbatus in southern Mexico than to the eastern group of ECD P. barbatus found in New 
Mexico and Texas.  In addition to the MX2 sample included in Anderson et al. (2006), 
which is recovered here as a long terminal branch rooting the J2/H clade, my analyses 
recovered the J2/H clade as sister to a broadly distributed group of P. barbatus ranging 
throughout the southern altiplano of Mexico (SWest Pbar, Fig. 4).  In contrast, the 
populations of ECD P. barbatus in the U.S. appear to be the northern extent of a broadly 
distributed eastern clade that extends south through the northeastern margins of the 
Chihuahuan Desert, and down the Gulf coast through the Mexican states of Tamaulipas 
and Veracruz (Fig. 4).  Both the SWest Pbar and the East Pbar clades contain a second 
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well-supported bifurcation, which splits them along a roughly North-South axis (Figs. 3 & 
5).   
This pattern is further informed by the geographic position of the macro group 
designated as Basal Pbar.  The two clades in this group (Basal Pbar North and Basal 
Pbar South) are not supported as a monophyletic clade.  However, the two pairs of 
samples were considered a meaningful assemblage because of their jointly narrow 
distribution along the western edge of the Sierra Madre Oriental, and because they are 
both relatively depauperate basal branches that may be ancestral to the more broadly 
distributed clades in the P. barbatus mtDNA subtree.  Notably, the two populations in the 
Basal Pbar North group were identified as members of the P. rugosus morphospecies 
(Pr445 and Pr451).  In addition to the Basal Pbar North samples and the whole of the H 
lineage clade, one other sample with a P. rugosus-like morphology was recovered in the 
East Pbar 1 clade (Pr425).  Moreover, the cox1 sequence from Pr425 differed from that 
of the Pb419 sample by only one base pair, and the Pb419 sample also possessed a 
somewhat intermediate morphology.  The relationship between geographical distributions 
and phylogenetic structure in P. barbatus is summarized in Fig. 7. 
The P. rugosus mtDNA-species phylogeny was more straightforward, with seven 
nominal subgroups recovered in a progressively nested series of clades (Fig. 3).  The 
broadly distributed J1 and Prug 3 clades were recovered together as a monophyletic 
group, and they are progressively rooted by two other broadly distributed clades, 
designated Prug 2 and Prug 1.  These three clades are rendered paraphyletic by the 
presence of the introgressed J1 lineage, which has a P. barbatus-like morphology, but 
they were nevertheless assembled into the nominal North Prug macro group because 
they represent the vast majority of P. rugosus populations with ECD.  The remaining 
three subgroups in South Prug are also an artificial assemblage, grouped together 
because they represent the more narrowly distributed basal clades for the species.  The 
South Prug clades are especially interesting, however, because they are distributed in 
three adjacent biogeographic regions, separated by well studied vicariance barriers (the 
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Sea of Cortes and the Sierra Madres Occidental).  Thus, their positions and relative 
levels of divergence may provide some insight into the early patterns of dispersal and 
vicariance for the P. rugosus species. 
The heuristic maximum parsimony (MP) search, employed with the same 
condensed dataset used for all Bayesian analyses, identified 507,200 equally 
parsimonious trees of 909 steps.  Despite this seemingly large number of trees, a 
consensus cladogram (not shown) revealed a well resolved topology with 100% 
agreement for all major nodes.  In contrast with the Bayesian phylogeny, this analysis 
placed the Mx2 sample at a basal position within the J2 clade, rooted by the exceptionally 
diverged 2BAR and 7BAR haplotypes.  This pattern is identical to that shown in Anderson 
et al. (2006).  The strict consensus cladogram also reversed the positions of Prug 2 and 
Prug 3 relative to the Bayesian tree, making the south-Sonoran desert Prug 2 clade sister 
to the J1 lineage.  Aside from these minor exceptions, the strict consensus cladogram 
recovered a nearly identical topology to that seen with my Bayesian analyses, including 
broad agreement on all other macro and sub-group clades.  The second MP analysis, 
conducted with rapid search parameters on the full (161-sequence) dataset, recovered 
an identical topology to the 99-sequence analysis described above.  Since this is a 
replicate analysis it should not be taken as additional support for the topology in question, 
but it does suggest that the use of the reduced dataset did not adversely affect my 
analyses with the MP criterion. 
We also constructed a 50% majority-rule consensus tree from the results of my 
MP bootstrap analysis, and because this tree was again largely consistent with the 
topology recovered from my Bayesian analyses, the bootstrap support (BSS) values were 
mapped onto the Bayesian phylogram (Fig. 3).  Unlike the initial MP analyses, the J2 and 
H clades were again recovered as monophyletic.  However, the variability among 
bootstrap replicates was sufficient to collapse several of the shorter branches, which 
reduced both the Prug 3 and the H lineage clades into unresolved multifurcations, with 
their terminal branches sister to the J1/Prug 2 and J2 clades, respectively. 
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The results from my sensitivity analysis, which used multiple runs with either the 
NJ or the ME criterion, indicate that the topology is fairly stable to variations in my 
approach to both missing nucleotide sites and to the exclusion of a large number of 
highly similar samples.  The two criterion also recovered very similar topologies, except 
that ME consensus trees produced better resolution for the deeper relationships among 
major clades (discussed below).  However, when comparing iterative runs within each 
criterion, only one major difference was observed, and only in NJ analyses.  That is, the 
reduced (99-sequence) dataset recovered stronger bootstrap support than the full (161-
sequence) alignment for the basal position of the Basal Pbar clade relative to the 
remainder of the P. rugosus subtree.  Several other major clades showed a similar trend, 
with higher BSS in the reduced dataset consensus tree, but none varied by more than 
5%.   
Overall, the distance-based tree searches recovered similar subgroup clades to 
those described for the MP and Bayesian analyses.  There were several notable 
exceptions however, similar to the variability observed in MP analyses.  The largest 
difference was the formation of a seventh major clade in the P. rugosus subtree, 
composed of the longest branched samples in the Prug 1 clade (38, 39, & 43RUG), and 
the longest branched samples in the Prug 3 clade (30 & 32RUG).  This collection of long 
branched samples from Anderson et al. (2006) was placed as sister group to the Basal 
Pbar clade.  The only other major difference in the P. rugosus subtree was with the J1 
group, which was split into two well supported clades, that were sister to Prug 2.  The P. 
barbatus subtree showed a similar pattern of rearrangements, with three conspicuously 
long branched samples in the J2 clade (2, 6, & 7BAR), moved to a more basal position 
outside the SWest Pbar macro group.  Also, the longest terminal branch in the SWest 
Pbar (Pb441), was recovered as a basal outgroup to the East Pbar macro group.   
Most of the remaining clades received moderate to strong bootstrap support 
under both criterion, consistent with the BSS values seen with my MP analyses.  
However, both the NJ and the ME tree searches failed to achieve even 50% agreement 
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among bootstrap replicates for most of the major nodes among well supported clades.  
The 50% consensus trees were thus poorly resolved, with several broad multifurcations 
defining the relationships among most of the major clades for each species’ subtree.  As 
observed with the MP bootstrap consensus tree, both the NJ and ME trees collapsed the 
H lineage clade into a broad multifurcation of terminal branches, which remained 
monophyletic within the broader J2-GCD clade. 
 
Divergence and demographic history 
Uncorrected pairwise percent sequence divergences are reported as averages 
within and between groups at three levels of phylogenetic and geographic inference.  
Species divergence (Table 2) was assessed according to the mtDNA species suggested 
by phylogenetic analyses.  Estimates of mitochondrial sequence divergence among 
morphological species would be less informative because of the prevalence of 
horizontally transferred mtDNA between the sister species.  The next two tables show 
average divergence among and within nominal macro groups (Table 3), and subgroups 
(Table 4), as detailed in Phylogenetic results above.  Taken together, these data reveal 
several notable patterns which are consistent with the salient features of the phylogram 
shown in Fig. 3.  Average species level divergence is 6.6%, whereas the within-species 
averages were predictably lower (3.5% for P. barbatus haplotypes and 2.6% for P. 
rugosus).   However, there was considerable variation in the level of divergence observed 
among major clades of P. barbatus, with values ranging from 2.1% to 5.6%.  The largest 
of these values coincide with three (or four) basal splits which define the East Pbar 
clades, the combined SWest Pbar/J2 & H clade, and the narrowly distributed populations 
collected in the Basal Pbar group.  By comparison, the average distance between J2 and 
H (2.1%), SWest Pbar 1 and SWest Pbar 2 (2.7%), and East Pbar 1 and East Pbar 2 
(2.3%), appear to be much more recent.  The results of my tests with Fu’s FS further 
expanded on this pattern, with statistically significant evidence for recent population 
  27 
expansion or genetic hitchhiking in the Swest Pbar 1 clade and both of the East Pbar 
clades at the 5% level (Table 5).   
It should also be noted that the Fu’s FS result for the H group was close to being 
statistically significant, (FS=-4.2387, p-value=0.0754).  This is noteworthy only because it 
is known that the H1 and H2 lineages are reproductively isolated (Helms Cahan et al. 
2006, Schwander et al. 2008), and they should thus be treated as separate populations 
for such analyses.  Unfortunately, and as discussed previously, the mitochondrial 
lineages for H1 and H2 show signs of incomplete lineage sorting and it was therefore 
necessary to lump them together in this study.  The Fu’s FS statistic uses a comparison of 
rare allele frequency to mean sequence divergence.  The combination of two 
reproductively isolated lineages is likely to have inflated the estimate of mean divergence, 
and this reduces the power of the test to detect the excess of allelic diversity expected 
after population growth.  Similarly, it is also worth noting that my estimate of the average 
p-distance within the H group, (1.1%), is likely a significant overestimate compared with 
the true divergence within each lineage.  
As stated previously, the P. rugosus subtree shows less variation, with the vast 
majority of ECD populations sampled (41/52) falling into just three clades (Prug 1-3).  
These clades all appear to have diverged more recently (2.3% to 3.1% average p-
distance, Table 4).  The progressive branching pattern seen in the phylogeny is also 
reflected in these matrices, with each successive outgroup showing generally higher 
levels of sequence divergence.  The two oldest branches (Baja Prug and Basal Prug), 
may have been formed during roughly the same period as the deepest divisions in P. 
barbatus.  Here too there is evidence of recent population expansion or genetic 
hitchhiking.  Both the most derived and coincidentally most broadly distributed clade, 
Prug 3, and the hybrid GCD clade with P. barbatus morphology, J1, had statistically 
significant negative values for Fu’s FS. 
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Chapter 4 
DISCUSSION 
This study has two goals.  For the first time, I describe the complete distribution 
of both the P. barbatus/P.rugosus species pair and the cryptic J and H lineages with 
genetic caste determination. Second, I conducted phylogeographic analyses on these 
species/lineages to examine hypotheses on their age, origin, and evolution.  These 
analyses recovered mtDNA clades that are largely concordant with established 
biogeographic regions, and the relationships among regional Pogonomyrmex clades lend 
support to observations and phylogeographic hypotheses from a number of other studies 
on similarly distributed taxa.   
Our efforts to sample and delineate the full range of both species, including 
especially the reproductively isolated J and H lineages with genetic caste determination 
(GCD), have revealed several key areas where previous distribution maps have failed to 
distinguish between the cryptic GCD lineages and the ancestral P. rugosus/P. barbatus 
species.  This discrepancy has arisen because previous surveys were limited to 
morphological analysis when rendering species assignments, and it demonstrates the 
importance of using molecular markers to examine not just interspecific phylogenies, but 
also the phylogeographic relationships within broadly distributed taxa.   Chief among 
these corrections is the finding that approximately half of the previously reported 
distribution for the P. rugosus morphospecies, (i.e., the vast majority of areas east of the 
Sierra Madre Occidental and the Deming plains), appears to be exclusively inhabited by 
the hybrid H lineages.  In addition to the discrepancies resulting from cryptic variation, my 
focused sampling in several areas has suggested two large regions where P. barbatus 
has previously been reported (from a few scattered collections) but now appears to be 
absent.  The details of these discrepancies, including several possible explanations and 
their indications for the evolution and broad scale competition among the 
species/lineages, are discussed below. 
  29 
Our phylogenetic results suggest a complex and varied history that includes 
ancient intraspecific vicariance, dispersal and fragmentation, and recent expansion or 
recolonization of lost habitats in both species.  This pattern is further informed by my 
tests using Fu's Fs, which revealed evidence for recent population growth or selective 
sweeps in five of thirteen regional clades tested.  Most of the temporal and spatial 
complexity observed among these clades can be attributed to a combination of climate 
cycling in the Pleistocene and several major physiographic transformations in the early 
Pliocene and mid to late Miocene.  However, there is also evidence for a history of 
interaction and introgression between the sister species.  Given their overlapping habitat 
preferences and occasional tolerance for hybridization, such areas of extended contact 
may have fostered a dual environment of both intense interspecific competition and 
potentially adaptive exchanges via introgression.   
In addition to the widespread J and H hybrid lineages, this study has identified at 
least two other clades where an incongruity between morphology and mitotype suggests 
hybrid introgression in some populations.  These two groups are geographically and 
genetically distinct, but they both occupy relatively narrow distributions near the center of 
the Mexican Altiplano.  Both clades also show a similar pattern of introgression: their 
morphology is that of P. rugosus (according to Cole 1968), but their mtDNA is derived 
from P. barbatus (Pr445-G15 and Pr425-G17 in Fig. 3).  The phylogeographic details of 
these samples are discussed along with their P. barbatus parent clades below (Basal 
Pbar North and East Pbar 2).  However, it is interesting to note that these sparsely 
distributed populations are most likely representatives of what has historically been 
identified as the eastern limit of the P. rugosus morphospecies in Mexico (Cole 1968, 
Johnson 2000a).  As such, their tentative assignment to a position outside P. rugosus 
indicates that the sensu stricto form of that species may be entirely absent from these 
regions.  These newly discovered hybrid groups combine with the vast distribution of 
hybrid H lineages to reveal a dramatically reduced distribution of (putatively) ‘pure’ P. 
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rugosus in the west (Fig. 6), and a conversely expanded distribution of P. barbatus-
derived mitotypes in the east (Fig. 7). 
 
 
Figure 6: A simplified phylogram and regional map of the P. rugosus subtree.  Branches 
marked with Roman numerals in the tree (left) correspond to well supported subgroups 
identified in the phylogeny (Fig. 3).  The distribution estimates (right) are based on 
population localities shown in the subgroups map (Fig. 5).  The J1 lineage (VII) is not a 
member of the P. rugosus morphospecies, but it is included here because of its hybrid-
introgressed mitochondria. 
 
This study also includes a number of previously unreported (as far as I am 
aware) populations of P. rugosus and P. barbatus in the southern limits of their range, 
extending their known range in some areas of central Mexico.  Conversely, my extensive 
sampling efforts in several areas (see Methods for details) also suggest that previous 
reports of P. barbatus in the central regions of the Sonoran and Chihuahuan deserts may 
be in error.  Rather, these areas seem to be completely dominated by populations of P. 
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rugosus (in Sonora) and H lineage hybrids (in Chihuahua), or other Pogonomyrmex 
species.  Investigating the absence of a species from a region is a complicated endeavor 
 
 
Figure 7: A simplified phylogram and regional map of the P. barbatus subtree.  Branches 
marked with Roman numerals in the tree (bottom) correspond to well supported 
subgroups identified in the phylogeny (Fig. 3).  The distribution estimates (top) are based 
on population localities shown in the subgroups map (Fig. 5).  The H lineages (VII) are 
not members of the P. barbatus morphospecies, but they are included here because of 
their hybrid-introgressed mitochondria. 
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because there is always the possibility that I simply failed to locate the reported 
populations.  In general however, my depictions of morphospecies distributions in this 
study are highly consistent with the excellent surveys from Cole (1968), wherein he notes 
that P. barbatus is “…largely absent from northwestern Mexico, where it is replaced by 
rugosus.”  Cole’s map of P. barbatus in Sonora and Arizona, which is now known as the 
cryptically diverged J lineages, also closely resembles my delineation of the southern and 
western boundaries of that group (Fig. 4). 
The most significant contradiction between my distribution maps and previous 
reports on the morphospecies comes from Johnson (2000).  That study includes reports 
of putative P. barbatus populations scattered through the southern thornscrub regions of 
Sonora and northern Sinaloa (see Fig. 6 in Johnson 2000a).  I was unable to confirm the 
presence of P. barbatus in these areas, but I did encounter several populations of P. 
rugosus with a uniquely reddish-orange coloration on the head that initially led to their 
classification as P. barbatus (Pr60 and Pr62 in Table 1).  A more thorough morphological 
analysis (based on patterns of cephalic and promesonotal rugae as described in Cole 
1968), led to the conclusion that they were in fact members of P. rugosus.  My mtDNA 
analyses also indicated that they were P. rugosus.  The two uniquely colored populations 
possessed somewhat disparate haplotypes, indicating that they were not themselves 
closely linked, but they were closely related to other populations of P. rugosus in the 
region with more typical coloration (Fig. 3).  These two populations occurred along the 
Río Fuerte in Sinaloa, near one of the P. barbatus localities reported in Johnson (2000).  
At present, I can only speculate on the nature of this contradiction, but it may be that 
some or all of the reported instances of P. barbatus in this region could be reclassified as 
P. rugosus with a somewhat aberrant morphology.  Alternatively, if the populations 
reported in Johnson (2000) are indeed derived from P. barbatus, then they may represent 
a southern extension of the J lineages or a relict population of the ancestral P. barbatus 
that has been isolated from its sister groups to the east.  Either possibility suggests that 
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these populations may be highly informative and that this discrepancy merits further 
investigation. 
Overall, my observations in the field and my phylogeographic analyses argue for 
a more discrete representation of the species/lineages and their distributions.  One major 
caveat: it is clear that there are extensive areas of overlap along regional contact zones 
between P. barbatus and P. rugosus (Cole 1968), and the potential for regional overlap 
between the two species is likely increased by their tendency to segregate at local scales 
according to microhabitat differences in soil and moisture (Johnson 2000b).  An 
exhaustive accounting of all populations at the local scale is clearly beyond the scope of 
this study, and the authors cannot claim to have sampled or observed every extant 
population of P. barbatus and P. rugosus.  Moreover, this study did not cover some areas 
of presumed allopatry where historical sampling has been robust (e.g., the northeastern 
limits of P. barbatus in Texas, Oklahoma, Louisiana, and Arkansas), and thus my 
distributional maps (Figs. 6 and 7) do not extend into these areas.  However, I focused 
my sampling and field surveys along regional contact zones, and I endeavored to locate 
possible pocket populations of the subordinate species in regions of its apparent absence 
(see Methods).  Thus, it is my contention that the distribution maps in Figs. 6 and 7 
accurately depict the high degree of exclusivity in the respective ranges of these 
species/lineages and their regional subclades. 
Our analyses also revealed a recurring pattern of broad east-west division 
among the most basal nodes of each species, corresponding to the four major north-
south arid-land corridors of Mexico and the southwestern U.S. (i.e., Baja Peninsula, 
Sonoran-Sinaloan coastal province, Chihuahuan Desert/Mexican Altiplano, Gulf 
Coast/Tamaulipan Plain).  my outgroups do not provide sufficient resolution for 
generating concrete hypotheses on the geographic centers of speciation for these two 
morphospecies.  Nevertheless, the co-occurrence of basal nodes from both species in 
the southern half of the Mexican Altiplano makes this region a good candidate for further 
investigation on the geographic origins of diversification and speciation in the P. 
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barbatus-P. rugosus species complex.  A large number of phylogeographic studies point 
to these four corridors as areas of endemism (the first three are reviewed in Riddle and 
Hafner 2006, and the Gulf coastal plains are discussed in Riddle and Honeycutt 1990, 
Castoe et al. 2007, and Mulcahy 2008, among others).  Despite the aforementioned 
broad similarities, my results for these two harvester ant species also suggest some 
marked differences from the patterns of inter-regional dispersal and vicariance common 
among vertebrates.  I describe these similarities and differences in more detail in the 
following paragraphs. 
 
Origins and evolution of P. rugosus 
 The P. rugosus samples in this study were recovered in a series of six 
successively branching clades.  The two youngest groups in the Sonoran and Mojave 
deserts (Prug 2 and Prug 3, Fig. 3) are rooted by the next most basal group (Prug 1) on 
the Colorado Plateau, and that larger group is itself rooted by three more successive 
branches representing regional populations in the southern Sonoran-Sinaloan transition 
zone, the Vizcaino desert in the Baja Peninsula, and a corner of the southern Mexican 
Altiplano (S.Mx Prug, Baja Prug, and Basal Prug, Fig. 3).  These three basal-most and 
southern-most clades were labeled as South Prug, but it is important to note that they do 
not form a monophyletic clade.  Rather, they are potentially significant because their 
relative age and geographic positions suggest a specific route for P. rugosus’ ancestral 
dispersal and vicariance. 
 If we assume a minimum of range shifts and migration for the basal clades, then 
the Basal Prug and Baja Prug clades may indicate the southeastern and southwestern 
limits, more or less, of the ancestral P. rugosus distribution.  Following the generalized 
model of major vicariance events presented in Riddle and Hafner (2006), and the more 
specific patterns of southern vicariance suggested for Crotalus polystictus, C. enyo, and 
C. cerastes (Douglas et al. 2006), we can infer an early distribution of P. rugosus that 
spanned the Sierra Madre Occidental and the Pacific coast of Mexico prior to the opening 
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of the Sea of Cortes.  Such a model would place these initial vicariance events in the late 
Miocene to early Pliocene.  First, the Basal Prug clade may have been isolated as a 
result of uplift or volcanic mountain building in the Sierra Madre Occidental (Van 
Devender 2000, Henry and Aranda-Gomez 2000).  Then, the Baja Prug clade may have 
been isolated from the ancestral mainland distribution as a result of the progressive 
opening and widening of the Sea of Cortes, which began in the late Miocene and 
continued through the Pliocene (Riddle et al. 2000).  The third basal lineage, S.Mx Prug, 
sits between these two other clades as the logical consequence of the hypothesized 
vicariance events to the east and west.  However, the S.Mx Prug clade is the closest 
southern ancestor to all three of the younger P. rugosus clades in the north.  This is a 
notably different pattern than what has been reported for a large number of mice and 
lizards (Riddle and Hafner 2006), birds (Zink et al. 2000), snakes (Devitt 2006, Castoe et 
al. 2007, Mulcahy 2008), and spiders (Crews and Hedin 2006).  The majority of these 
studies have indicated similar basal divisions between the Chihuahuan desert, Sonoran 
desert, and the Baja peninsula, but they all differ markedly in that they show a consistent 
pattern of north-south continuity within those three corridors.   
For example, most of these studies found evidence for a close relationship 
between populations in the northern Baja Peninsula and populations in southwestern 
California, with little or no signs of isolation between them.  For taxa whose ranges also 
include the Sonoran and Mojave deserts, most of those studies have reported a sister 
relationship between the Peninsular/southern-California clades and the mainland clades 
that contact them near the Colorado River.  Because of the frequency of this pattern, 
many authors have suggested that a series of marine incursions in the Pliocene and 
Pleistocene, known as the Bouse Embayment(s) and the San Gorgonio Constriction(s), 
may be responsible for creating and maintaining isolation between these largely 
parapatric distributions (Riddle and Hafner 2006, Crews and Hedin 2006, Devitt 2006).  
Alternatively, it is conceivable that these marine incursions only served to maintain 
isolation between groups that had previously diverged as a result of the earlier opening of 
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the Sea of Cortes to the south.  Because these two hypotheses invoke distinct 
geomorphological processes, presumably separated by a million years or more, one way 
to distinguish between them is by estimating the age of divergence between mainland 
and peninsular clades (Riddle et al. 2000, Crews and Hedin 2006).  However, Grismer 
(1994) also suggested a number of other predictions that might be used to distinguish 
between a southern vicariance across the gulf in the Miocene, and a northern vicariance 
in the Pliocene.  These points include an expectation that sister clades divided by the 
opening of the Sea of Cortes should be more southerly, and they should not contact one 
another in the north.  These predictions have been supported by molecular evidence from 
several groups of Crotalus rattlesnakes (Douglas et al. 2006). 
In contrast to the north-south continuity pattern described above, the Baja Prug 
sample is highly diverged from the broadly distributed Prug 3 clade that extends through 
southern California and into the northern edge of the Baja Peninsula (p-distance = 4.1%).  
Indeed, the closest Prug 3 population is only about 150 miles north of my Baja Prug 
sample, yet its mtDNA is more closely related to the distant populations of S.Mx Prug in 
mainland Mexico, and closer still to the Prug 2 and Prug 1 populations to the east (Figs. 3 
& 5, Table 4).  This suggests that the Baja and Prug 3 clades may have only recently 
come into their current proximate distributions, probably because of westward and 
southward expansion from the Prug 3 group after the aforementioned marine incursions 
retreated.  The highly significant Fu's Fs statistic estimated for Prug 3 also supports a 
hypothesis of recent expansion for that clade (Table 5).  Furthermore, the basal division 
between the southerly Baja Prug and S.Mx Prug clades is generally consistent with the 
predictions of a late Miocene transgulfian vicariance as outlined by Grismer (1994), as 
well as others (Riddle et al. 2000, Douglas et al. 2006). 
The narrow distribution of contemporary P. rugosus along the Baja is another 
puzzling contrast to the broader distributions reported for other arid-adapted organisms 
with concurrent distributions in the southern Sonoran and Peninsular deserts.  
Unfortunately, this apparently narrow distribution limits my ability to reconstruct Baja 
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Prug’s history within the rather detailed phylogeographic framework provided by several 
decades of intense study in other organisms (Riddle 2000, Zink et al. 2001, Lawlor et al. 
2002, Murphy and Aguirre-Léon 2002).  It is possible that the Baja Prug clade had 
previously existed in the north, and this haplotype may simply have been replaced by 
recent migration from the Prug 3 clade to the east.  If this is the case, then larger 
population samples in this region may be able to detect signs of recent contact and 
introgression where this study’s broad sampling did not.  Alternatively, it may be that the 
current Baja Prug sample is a remnant of an ancestral population that was restricted to 
the south by one or more of the seaways believed to have bisected the peninsula during 
the last 1-3 million years (Riddle and Hafner 2000, Crews and Hedin 2006).  Regardless 
of these questions, this mtDNA pattern suggests that the ancestral Baja Prug clade has 
been isolated on the peninsula for most of the history of the extant P. rugosus, and it did 
not contribute its mitochondrial diversity to the evolution of the North Prug clades (Fig. 4). 
The narrow distribution of the Basal Prug group is also markedly different from 
the predominant patterns reported for vertebrates (Zink et al. 2000, Riddle and Hafner 
2006).  In most cases, the clades in the southern limits of the Mexican 
Altiplano/Chihuahuan desert are closely related to lineages in the north, often extending 
into the Rio Grande Rift valley in New Mexico or onto the Colorado plateau (e.g. Riddle 
and Honeycutt 1990, Castoe et al. 2007, McGuire et al. 2007, Mulcahy 2008).  As with 
the Baja Prug clade, this narrow distribution is somewhat puzzling because the northern 
Chihuahuan desert would seem to be a suitable habitat for an ancestral P. rugosus 
group, but I have recovered no evidence to indicate that the ancestral P. rugosus 
populations in the southern half of the Mexican Altiplano ever expanded northward into 
the core Chihuahuan desert.  There is a vast distribution of P. rugosus at the northern 
edge of the Chihuahuan desert and on Colorado Plateau (Prug 1, Fig. 5), but it is more 
closely related to clades to the west of the continental divide in the Sonoran desert.  I can 
only speculate as to the possible causes for the Basal Prug clade’s absence from the 
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northern Chihuahuan desert, but it seems likely that a range of factors have contributed 
to its presently restricted distribution. 
One possible explanation stems from the observation that all known Basal Prug 
populations sit just south of the Southern Coahuila Filter Barrier (SCFB), a boundary for 
the distributions of many mammalian species on the Mexican Altiplano (Baker 1956, 
Baker 1963, Petersen 1976).  Like other hypothesized filter barriers, the SCFB is a 
somewhat indistinct boundary.  It is formed by a combination of major drainage systems 
from the Sierra Madre Occidental in the west (chiefly the Río Nazas and the Río 
Aguanaval) and transverse extension of the Sierra Madre Oriental in the east (i.e., the 
Sierra de Parras) (Baker 1956, Hafner et al. 2008).  This barrier appears less formidable 
at present, but extensive molecular evidence from pocket gophers suggests that it may 
have acted as a significant barrier in the Pleistocene, when pluvial cycles would have 
expanded flooding in the basins around the Río Nazas, creating lakes that persisted for 
years at a time (Hafner et al. 2008).  The winged sexuals of P. barbatus and P. rugosus 
are presumably less affected by river barriers than terrestrial gophers, but plant fossils 
recovered from late Pleistocene packrat middens also indicate the presence of an 
extensive forest corridor that joined the upland fauna of Sierra Madre Occidental and 
Sierra Madre Oriental through this area (Betancourt et al. 1990).  It is not known whether 
these forests were a constant feature of the early Pleistocene, nor is it clear how much 
they may have retracted during previous interglacials.  However, it is likely that they 
created a significant ecological barrier to P. barbatus and P. rugosus dispersal when they 
were present.  That said, the evidence for the SCFB does not seem to be a sufficient 
explanation for the limited distribution of the Basal Prug clade, especially within a broader 
hypothesis that suggests a Miocene to Pliocene age for the clade.  Therefore, it is 
necessary to consider other factors that may have prevented, or replaced and obscured, 
this clade’s expansion(s) to the north.  This includes the possibility of competition with 
both the hybrid H lineages to the north and the nearby P. barbatus clades, which occur in 
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sympatry with the contemporary distribution of Basal Prug and partially surround it to the 
south (Fig. 4).   
We have not detected colonies from the Basal Prug clade in sympatry with the P. 
rugosus-like H lineage, but the apparent dominance of the H lineage in the northern 
Chihuahuan desert, and the discovery of several H lineage populations to the south, 
suggests that these two clades may have come into contact at some point.  The evidence 
for expansion in both the P. barbatus clades and the H lineage clades, but not in the 
Basal Prug clade, further suggests the possibility that the distributions reported here may 
be the result of recent range shifts.  Indeed, it is conceivable that these distributions are 
not a stable configuration; this may only be a snapshot of what is actually an ongoing 
shift in the respective ranges of these groups.  Conversely, it is also possible that the 
Basal Prug distribution is relatively stable, and the nexus of clades in this region may be 
the result of several largely independent histories.  Additional details pertaining to the H 
lineages and P. barbatus clades will be discussed below.  However, it bears mention that 
the region around the SCFB is as an intersection for at least five lineages, including three 
highly diverged clades of P. barbatus and P. rugosus, and the two hybrid H lineages that 
are probably derived from other contact zones in the north.  Therefore, I suggest that 
there is a great need for both population level genetic analyses and detailed ecological 
study on the Pogonomyrmex populations in these areas.   
S.Mx Prug is the youngest of the three South Prug clades, and it completes the 
atypical phylogeographic pattern for southern P. rugosus described above.  Where the 
Basal Prug and Baja Prug clades are unusually isolated, being highly diverged from the 
P. rugosus clades to the north, the S.Mx Prug clade is unusual because it is the closest 
southern ancestor of the three widely distributed P. rugosus clades in the north.  
Therefore, S.Mx Prug appears to be something of a missing link between south and 
north, a pattern reflected not only in the phylogeny (Fig. 3), but also in the average 
genetic distances between clades (Table 4).  The North Prug clades are all closer to the 
S.Mx Prug clade (average p-distances range from 3.1-3.7%), than to the Baja Prug and 
  40 
Basal Prug clades (average p-distances range from 4.1-4.8%).  Thus, the geographic and 
phylogenetic position of the S.Mx Prug clade is important for understanding the larger 
phylogeographic history of the species. 
It appears that the S.Mx Prug clade may have been the only southern P. rugosus 
group to expand north, through the nascent Sonoran and Mojave deserts, and onto the 
Colorado plateau.  A dispersal pattern leading from the Sonoran-Sinaloan transition zone 
to the Colorado Plateau would be rather exceptional compared to the histories inferred 
for most arid-adapted vertebrates in this region.  However, a number of vertebrate 
studies show a pattern of basal lineages in the Sonoran-Sinaloan region and a 
successive divergence of younger lineages to the north, especially through the Sonoran, 
Mojave, and Great Basin deserts.  Such a pattern is known from several groups of 
snakes (Devitt 2006, Douglas et al. 2006, Mulcahy 2008), spiny lizards (Leaché and 
Mulcahy 2007), and flightless cactus beetles (Smith and Farrell 2005).  This pattern is 
consistent with a broader desert flora and fauna hypothesis that traces the xeric 
adaptations of various desert species to tropical deciduous and thornscrub environments, 
such as those presently found in the Sonoran-Sinaloan transition zone, which may have 
been subject to periods of severe drought in the Miocene (Axelrod 1983, Van Devender 
2000).   
However, associating the S.Mx Prug clade with a proto-desert fauna hypothesis 
suggests that its distribution must date to at least the mid to late Miocene.  Thus, it may 
be better to consider a less ancient and less dispersalist hypothesis, with the basal 
phylogenetic position of the S.Mx Prug clade being explained by isolation in an early 
Pleistocene refugia.  Then the remaining three clades in the North Prug group could have 
fragmented during successive climatic shifts through the mid to late Pleistocene.  The 
contemporary distribution of S.Mx Prug extends from the Río Fuerte in Sinaloa to areas 
just north of the Río Yaqui in Sonora, and the nearest Prug 2 population included in this 
study is just 50 miles to the north.  Neither clade shows significant signs of recent 
population expansion according to my tests with Fu's Fs (Table 5), but they are both well 
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supported as monophyletic groups (Fig. 3), so it is reasonable to assume that they have 
been evolving in allopatry for some time.  Except for a few scattered populations from a 
congener (not shown here, but see P. bicolor in Cole 1968 and Johnson 2000a), there is 
very little to presently divide these two distributions, and it is quite possible that 
population genetic analyses might uncover evidence for more recent gene flow between 
them.   
We are not aware of any specific hypotheses suggesting the Río Yaqui as a 
putative filter barrier during the Pleistocene, but it defines the southern margin of the 
Sonoran desert as defined by Shreve (1942).  The river also defines the northern edge of 
the Sonoran-Sinaloan transition zone, which has been recognized as a significant 
boundary for a large number of arid-adapted rodent species (Hafner and Riddle 2005).  
The southern boundary of the S.Mx Prug clade coincides with the Río Fuerte and the 
Sierra Barabampo, which are generally recognized as the southern limit of the Sonoran-
Sinaloan transition zone.  The significance of the Río Fuerte area has also been 
supported by several phylogeographic studies on snakes, which identified it as the 
boundary between northern and southern sister species along the coast (Devitt 2006, 
Mulcahy 2008).  Interestingly, the Río Fuerte-Sierra Barabampo boundary is also 
coincident with the northern limit of Pogonomyrmex wheeleri, which is a presumed sister 
species to P. barbatus and P. rugosus, and which dominates this narrow lowland corridor 
through most of Sinaloa and Nayarit (Cole 1968).  P. wheeleri is apparently endemic to 
this area (Cole 1968, but see collections from Johnson 2000a), and its geographic 
position between these two sister species suggests a shared history for the group.   
 
Estimating the age of major P. rugosus clades 
Many of the questions in the above discussion could be informed by assigning 
accurate ages to major nodes in my phylogenetic tree.  However, without the aid of a 
calibrated molecular clock and a detailed fossil record, my inferences for this study are 
primarily limited to relativistic comparisons within these two species.  If I assume roughly 
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clock-like sequence divergence for these samples, then it can be inferred that the oldest 
divisions in P. rugosus are a little more than two times the age of the most recent 
divisions between Prug 2 and Prug 3.  If isolation between these youngest clades follows 
the predominant pattern of late Pliocene to mid Pleistocene (1-3 mya) fragmentation 
indicated for major vertebrate clades in the Mojave and Sonoran deserts (Riddle 1995, 
Douglas et al. 2006, Riddle and Hafner 2006, Leaché and Mulcahy 2007, Leavitt et al. 
2007), then the more basal divisions are likely to have diverged around the Miocene-
Pliocene transition 3-6 mya.  This rough timeline coincides with estimates of the opening 
of the Sea of Cortes (Riddle et al. 2000, but see Crews and Hedin 2006), and some 
estimates of early divergence across the Sierra Madre Occidental (Riddle and Hafner 
2006). 
It is also possible, although imprecise, to evaluate this timeline by comparing my 
calculations of average between-clade divergence (Tables 2-4) with estimates of cox1 
substitution rates in other organisms.  Quek et al. generated such a calibration for their 
Crematogaster ant phylogeny by averaging cox1 rates from several arthropod studies 
with what they called “tenable calibrations” for major nodes (2004).  They found that rates 
were generally conserved, even among highly diverged taxa, and the three insect groups 
in their analysis converged around the overall average of 1.5% uncorrected p-distance 
between clades, per million years (Quek et al. 2004).  This calibration suggested a 
timeline for Crematogaster divergence in Southeast Asia that was consistent with 
biogeographic events independently inferred from plant fossils (Quek et al. 2004), and 
this rate was also supported by an independent estimate of cox1 rates in a 
phylogeographic study of leafcutter ant evolution in South America (Solomon et al. 2008).  
Applying this rate to my data suggests a mid-Pleistocene divergence for the youngest 
clades (e.g., 1.1 mya for J1 and Prug 3), and an early Pliocene divergence for the oldest 
(e.g. 4.4 mya for the average between P. barbatus and P. rugosus).  Although these 
estimates argue for a somewhat shallower timeline for P. rugosus, they are still 
consistent with the general model of late Miocene to Pliocene vicariance between—and 
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Pleistocene-aged fragmentation within— major regional deserts, as described above.  
Nevertheless, I must caution the reader to view this timeline as highly tentative because it 
is based on data from only a single mitochondrial gene, and because the evidence 
arrayed in the paragraphs above is largely circumstantial, hinging on the accuracy and 
applicability of patterns reported for other organisms.  It is likely that the inclusion of 
additional gene sequences and the use of an internally derived molecular clock will alter 
these results somewhat. 
 
Pleistocene fragmentation of the northern P. rugosus (ECD) 
Despite the uncertainty regarding their exact age, the cryptic fragmentation 
among seemingly contiguous distributions of northern P. rugosus suggests that even the 
youngest of these clades predate the modern day Holocene, an interglacial period that 
began approximately 11,000 years ago (Van Devender 2000).  Thus, all three of the 
northern P. rugosus clades are likely to have undergone significant range contractions in 
the preceding Pleistocene epoch, when glacial and pluvial cycles led to long periods of 
decreased temperatures and increased rainfall, respectively.  Although there are believed 
to have been as many as 15-20 glacial-interglacial cycles during the approximately 2.5 
million years of the Pleistocene (Imbrie and Imbrie 1979), the majority of those cycles are 
almost completely unknown in continental fossil records, presumably because earlier 
events were eroded and overwritten by those that followed (Van Devender 2000).  In the 
southwestern U.S. and Mexico, the best record of glacial-interglacial ecological shifts 
comes from thousands of packrat middens deposited over the last 40,000 years 
(Betancourt et al. 1990).  These middens provide an abundance of pollen and seed 
fossils, allowing detailed reconstructions of plant community succession through the Last 
Glacial Maximum (LGM) and into the Holocene interglacial (Betancourt et al. 1990). 
During the LGM, a combination of forest expansions and pluvial lakes restricted 
desert communities throughout most of the Basin and Range province and on the 
Colorado plateau (Spaulding et al. 1985, Betancourt et al. 1990, Thompson et al. 1993).  
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However, only a few desert-like refugia have been identified in the midden record (e.g. 
Death Valley and the Lower Colorado River Valley (LCRV) delta), so the exact locations 
and extent of unforested arid habitats during the LGM remains the subject of continued 
study and debate (Betancourt et al. 1990).  Furthermore, it is unclear how the patterns 
from the last glacial-interglacial cycle relate to ecological shifts in the earlier Pleistocene 
and Pliocene, which were subject to somewhat different climate conditions and which 
may have been influenced by Plio-Pleistocene uplift in the Sierra Nevada range 
(Betancourt et al. 1990). 
In light of these uncertainties, the early divergence of the Prug 1 clade among 
northern P. rugosus is especially interesting because its long term persistence on the 
Colorado Plateau suggests the presence of one or more previously unrecognized arid 
refugia in that area.  Although I am not aware of any specific hypotheses for arid refugia 
on the plateau, their existence could also explain the persistence of a mid-early 
Pleistocene aged clade of arid-adapted grasshopper mice on the plateau (Riddle and 
Honeycutt 1990, Riddle 1995). In contrast, the majority of studies on similarly distributed 
desert taxa have found that extant populations on the plateau and in the Rio Grande Rift 
are relatively young, with evidence of recent expansion from the Chihuahuan Desert to 
the southeast (Jaeger et al. 2005, and Smith and Farrell 2005), the Mojave and Great 
Basin deserts to the west (Orange et al. 1999, Sinclair et al. 2004, Leaché and Mulcahy 
2007), or both (Pook et al. 2000, McGuire et al. 2007, Mulcahy 2008).  This view of 
recent, possibly post-Pleistocene, expansion onto the Colorado Plateau is generally 
consistent with midden-based reconstructions that depict widespread woodlands 
throughout the plateau and the Rio Grande Rift (Betancourt et al. 1990).  However, 
Betancourt et al. also note that midden fossils are primarily representative of the rocky 
enclaves where they are found, so they do not necessarily reflect the ecological patterns 
in more open ground where P. rugosus colonies are likely to occur (1990). 
The Prug 1 clade’s recent history is further complicated by its high level of 
internal fragmentation, which is evident in both its highly positive Fu's Fs statistic and in 
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its long internal branching in the phylogeny (Table 5, Fig. 3).  This fragmentation is 
notable because it is inconsistent with both hypotheses mentioned above.  Recent 
colonization from outside the plateau and recent expansion from refugia on the plateau 
should both produce a similar pattern of decreased haplotype diversity.  One obvious, 
albeit unlikely, explanation for this fragmentation could be that the ancestral P. rugosus 
populations on the plateau were simply resistant to the pressures of Pleistocene climate 
change; thus, they would not have experienced the genetic bottlenecking commensurate 
with a retreat to glacial refugia.  However, such an explanation would run contrary to the 
well supported paradigm of arid range contractions during Pleistocene glacials, and it is 
also inconsistent with the multiple patterns of apparent Pleistocene range contraction in 
several lower elevation regional clades of P. rugosus and P. barbatus (discussed below). 
Therefore, I hypothesize that there may be multiple distinct subgroups nested 
within the nominal Prug 1 clade, each derived from its own discrete refugium.  This 
second hypothesis is supported by a closer examination of the internal structure within 
Prug 1, which reveals three  geographic clusters of highly similar haplotypes with very 
low internal divergence (p-distances range from 0.1% to 0.46%), and much higher 
divergences between the three groups (ranging from 1.1% to 2.97%).  Interestingly, the 
most diverged of these three groups is composed of just three populations sampled from 
the Rio Grande Rift in New Mexico (38RUG, 39RUG, and 43 RUG; Fig. 3 and Table 1).  
The two more closely related groups within Prug 1 include the nine populations on the 
plateau and one at the northern end of the Rio Grande Rift.  The significance of this 
pattern, including its indications for multiple microrefugia on the plateau and in the Rio 
Grande Rift, remains unclear.  However, Riddle and Honeycutt offered a similar 
explanation for the surprising genetic diversity in their grasshopper mice samples from 
the plateau (1990), and most of the phylogeographic evidence for recent colonization of 
the plateau comes from herpetofauna studies.  Therefore, additional genetic studies of 
both P. rugosus and a diverse range of other taxa in this region seem warranted. 
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It bears mentioning that, although the inter-regional relationships for northern P. 
rugosus seem to be somewhat novel, they do not necessarily suggest novel routes of 
dispersal between the Sonoran and Mojave deserts and the Colorado Plateau.  Rather, it 
is likely that the P. rugosus on the plateau are derived from similar expansions to what is 
known from the various herp species cited above, but the direction of these ancestral 
dispersal events has been obscured in P. rugosus by more recent Pleistocene 
processes.  Indeed, it is quite possible that these other arid species had Pliocene or early 
Pleistocene distributions on the plateau concurrent with the initial P. rugosus colonization, 
and it is only the uncommon persistence of the Prug 1 clade through the Pleistocene 
glacials that gives the appearance of a dramatically reshaped phylogeographic history.  
Thus, where the linear inter-regional relationships indicated in other studies may suggest 
dispersal (e.g., Smith and Farrell 2005), the reflexive patterns in northern P. rugosus 
suggest a single broad distribution that was fragmented into progressively smaller 
partitions over time. 
The complex reflexive patterns observed in the northern P. rugosus (Fig. 6) are 
probably the result of successive climate shifts that broke off peripheral portions of the 
ancestral distribution in the south (S.Mx Prug), then in the north (Prug 1), and then finally 
breaking apart the youngest clades in the center (Prug 2 and Prug 3).  These reflexive or 
nested histories seem to be a common feature of finer scale phylogeographic analyses in 
the Sonoran and Mojave deserts, and often with a basal clade in southern Sonora 
(Douglas et al. 2006, Leaché and Mulcahy 2007, Leavitt et al. 2007, Mulcahy 2008). 
Setting their unusual phylogenetic rooting aside, the geographic positions of the 
Prug 2 and Prug 3 clades are consistent with a common phylogeographic pattern of 
Pleistocene isolation between western/Mojave/LCRV and eastern/Sonoran clades (e.g. 
Riddle 1995, Jaeger et al. 2005, Douglas et al. 2006, McGuire et al. 2006, Castoe et al. 
2007, Leaché and Mulcahy 2007, Leavitt et al. 2007, Mulcahy 2008, Jezkova et al. 2009).  
This pattern is also consistent with midden evidence that suggests Mojave-like refugia in 
the Lower Colorado River Valley (LCRV) and Sonoran Desert refugia somewhere in 
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central Sonora, Mexico (Betancourt et al. 1990).  Although these studies illustrate a 
degree of broad conformity among taxonomically diverse samples, they also reveal 
extensive inter-taxa variability in the demarcation of modern distribution boundaries.  In 
P. rugosus, it appears that the western/Mojave/LCRV clade (Prug 3) has undergone at 
least one large range expansion in either late Pleistocene or Holocene time, as indicated 
by the large geographic distances between similar haplotypes and the significantly 
negative estimate for Fu's Fs (Figs. 3 & 5, Table 5).  In contrast, the Prug 2 clade (which 
occupies the Sonoran desert south of the Gila River) produced a Fu's Fs estimate that 
was negative but not significant, suggesting that it may not have experienced a major 
expansion in recent Pleistocene/Holocene time (Table 5).  This difference may imply that 
the Prug 2 clade’s distribution in the Sonoran desert has been relatively stable during late 
Pleistocene climate shifts, which has also been suggested for a similarly distributed clade 
of desert pocket mice (Jezkova et al. 2009).  However, the same caveat as was 
discussed for Prug 1 applies (i.e., the genetic signature of range expansion in Prug 2 may 
be obscured because the clade contains diversity from multiple discrete subgroups).   
Interestingly, there is also evidence for the northward expansion of tropical 
habitats in the LCRV and other riparian corridors during some earlier interglacial cycles of 
the Pleistocene (Van Devender 2000).  Although less complete, these earlier Pleistocene 
records are interesting because they demonstrate the degree to which ecological and 
climatological patterns during earlier glacial-interglacial cycles may have varied from the 
comparatively well understood patterns of the LGM and Holocene.  More specifically, 
intermittent tropical expansions may have displaced or limited arid species distributions 
during interglacials, even as the glacial forests were retreating. 
The hybrid J1 lineage is also a member of the northern P. rugosus mtDNA 
species tree (Fig. 3 this paper; also Helms Cahan and Keller 2003, Anderson et al. 2006, 
Schwander et al. 2007).  Although the phylogenetic results were somewhat ambiguous 
regarding the branching order of Prug 2, Prug 3, and J1 (see Results), it can be 
concluded that all three clades shared a common maternal ancestor sometime in the mid 
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to late Pleistocene.  However, the unique characteristics of the hybrid J1 lineage, 
especially its mutualistic dependence on mating—and therefore sympatry—with the J2 
lineage, suggest that it should be considered alongside the J2 lineage and regarded as 
distinct from the remainder of P. rugosus (Cahan and Keller 2003, Anderson et al. 2006, 
Schwander et al. 2007).  Thus, the overlapping distributions of the J1 and J2 lineages in 
the Apache Highlands Ecoregion will be discussed below, along with the related H1/H2 
lineage pair. 
 
Origins and evolution of P. barbatus 
Like the P. rugosus patterns described above, the history of extant P. barbatus 
seems to have been shaped by a combination of early inter-regional divisions and more 
recent Pleistocene contraction, fragmentation, and subsequent expansion.  However, 
where the P. rugosus subtree reflects a single ladderized history of subclade divergence, 
the P. barbatus tree splits into four branches at its most basal edge (Fig. 3).  Three of 
these four basal clades are found in the southern Mexican Altiplano, which suggests that 
this region may be the ancestral source for P. barbatus radiations.  Two of these basal 
clades appear to be relicts: they are both known from just two populations each (i.e., four 
total), and my sampling in that area suggests that they may both be limited to narrow 
distributions along the western margins of the Sierra Madre Oriental (Basal Pbar North 
and Basal Pbar South, Figs. 3 & 5).  Although they are not supported as a monophyletic 
clade, I have lumped them together as the nominal Basal Pbar group because of their 
relictual and geographic similarities. 
In contrast, the other two basal clades have been highly successful, evolving in 
parallel through what seems to be an old and surprisingly broad East-West division in P. 
barbatus (Figs. 3 & 4, East Pbar clade vs. the clade containing both SWest Pbar and the 
J2 & H lineages).  These two largest clades are divided into three macro groups, and 
those macro groups are further divided into six major subgroups that correspond to 
discrete geographic distributions (SWest Pbar 1, SWest Pbar 2, J2, H1 & H2, East Pbar 
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1, and East Pbar 2).  If I only consider the younger nodes of the mtDNA phylogeny (i.e., 
within each macro group), these subgroup distributions are generally consistent with 
established biogeographic regions and Pleistocene fragmentation patterns observed in 
other taxa (detailed below).    However, the deeper nodes of the P. barbatus subtree (i.e., 
among macro groups) reveal an older and broader phylogeographic history that is much 
more complex.  This complexity stems from the apparent incongruities between the 
modern distributions of these three macro groups, which meet in broad parapatry (or 
sometimes sympatry) near the center of the Chihuahuan Desert, and the necessary 
inferences for a succession of ancient dispersal and vicariance events through that same 
area.  To reconcile their modern distributions with the deeper geographic relationships 
indicated in the phylogeny, I hypothesize a layered, reflexive history for P. barbatus-
derived lineages in the northern Chihuahuan Desert.   
At present, the northern Chihuahuan Desert is inhabited by two distantly related 
subgroups.  The hybrid H lineages with GCD dominate most of the northern Mexican 
Altiplano, and their distribution extends north into the Intermontane Plateaus of the U.S. 
and as far south as Aguascalientes in central Mexico.  The East Pbar 1 clade inhabits the 
eastern margins of the northern Chihuahuan Desert from the Bolsón de Mapimí in the 
south through the southern Intermontane Plateaus and plains in the U.S.  Despite the 
broad overlap between these two subgroups, and contrary to the implicit assumption of 
most previous molecular studies on the GCD system, my data indicates that the ECD P. 
barbatus found in New Mexico and Texas (i.e., the East Pbar) are not a direct maternal 
ancestor to the hybrid H lineages.  Rather, the H lineages clade and the East Pbar 1 
clade, which together form the geographic center of the P. barbatus mtDNA-species 
distribution, are each most closely related to peripheral distributions outside the 
Chihuahuan Desert. 
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Phylogeographic position of the J and H lineages within P. barbatus 
Our mtDNA phylogeny indicates that the broadly distributed H lineages are either 
sister to – or nested within – the J2 clade, which sits just outside the northwestern edge 
of the Chihuahuan Desert in the Apache Highlands Ecoregion (Fig. 7).  The J2 clade is 
itself rooted by both the MX2 sample and the larger SWest Pbar clade from central 
Mexico (Fig. 3).  This means that the P. barbatus-like J2 lineage is conspicuously 
removed from it closest P. barbatus ancestors, with at least 500 miles of Chihuahuan 
Desert (1,000 miles for MX2) between them, and the intervening area is now dominated 
by the hybrid H lineages. 
Within a single species, this pattern could be explained by nested fragmentation, 
with the common ancestor of J and H establishing a broad distribution, breaking away 
from the southern P. barbatus, and then later breaking apart into southeastern (H) and 
northwestern (J) subclades.  However, the hybrid character of the H lineages necessarily 
excludes a hypothesis of fragmentation because, by definition, they are not derived from 
a single broadly distributed ancestor but rather from two separate species that met 
across a contact zone.  Moreover, the H lineages’ hybrid mtDNA can be traced to a 
single origin (i.e., they form a monophyletic clade), which means that the hybrid 
exchange either occurred in a relatively narrow space or it was bottlenecked sometime 
after.  Thus, any populations that carry this hybrid signature must be the result of 
proliferation and expansion from this effectively discrete introgression event. 
Having ruled out fragmentation, this phylogenetic pattern indicates that there 
must have been a historical corridor of P. barbatus between the southern Mexican 
Altiplano and the Apache Highlands, and the most likely route between these regions is 
through the northern Chihuahuan Desert where the H lineages now dominate.    The 
modern J1/J2 and H1/H2 distributions meet in the narrow, arid-lowlands corridor known 
to biogeographers as either the Deming Plains or the Cochise Filter Barrier (CFB) 
(Morafka 1977).  This area – which is broken by a series of sky islands and bounded in 
the north and south by the Mogollon Rim and the Sierra Madre Occidental, respectively – 
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is believed to be the only arid corridor between eastern and western deserts after 
Miocene-Pliocene uplift in the aforementioned mountain ranges (Riddle and Hafner 2006, 
Pyron and Burbrink 2009).  This suggests that the hybridization events that gave rise to 
the H lineages occurred somewhere along the northwestern edge of the Chihuahuan 
Desert, probably in the vicinity of the CFB, and the breadth of their modern distribution 
must therefore be the result of an extensive expansion from that area.  The Fu’s Fs 
estimate for the combined H lineages, which was highly negative but not statistically 
significant (Table 5), may also be indicative of recent expansion in this group.  In this 
case, I interpret the negative trend as tentative support for a hypothesis of expansion 
because I noted a priori that pooling the two reproductively isolated H lineages together 
was very likely to have weakened the power of the test (see Results). 
Consequently, I hypothesize a succession of dispersal events through the 
historical Chihuahuan Desert: First, the ancestral P. barbatus must have expanded north, 
founding populations in the vicinity of the CFB that would eventually hybridize with P. 
rugosus to create the H1, H2, and J1 lineages.  At some point later, these western P. 
barbatus retreated from the northern Chihuahuan Desert.  Then, either concurrently with 
or subsequent to this retreat by P. barbatus, the hybrid H lineages expanded outward and 
carried P. barbatus-derived haplotypes back south through the Chihuahuan Desert, as 
well as east and north through arid lands in the U.S.   
The division between the J and H lineages resembles a common arid-species 
pattern of east-west vicariance across the CFB in Pliocene-Pleistocene time (e.g. Riddle 
et al. 2000, Devitt 2006, Riddle and Hafner 2006, Castoe et al. 2007, Leaché and 
Mulcahy 2007), but the significance of this congruence is unclear.  In other groups, 
Pleistocene divergence across the CFB can plausibly be attributed to evolution in 
allopatry after the formation of glacial woodland barriers indicated by midden fossils 
(Betancourt et al. 1990), but it has been suggested that the divergence between the J2 
and H lineages may have occurred in sympatry through hybrid speciation processes 
(Schwander et al. 2008).  The hypothesized reflexive history of the H lineages, which 
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traces their mtDNA ancestry first to the north, and then back to the south, may also be 
unique to this group.  I am not aware of such patterns in any similarly distributed taxa, but 
most phylogeographic studies of Chihuahuan Desert species have been limited to little or 
no sampling from the southern altiplano in Mexico, so relatively few comparisons are 
available. 
Taken together, the J and H lineages constitute over a third of the P. barbatus-
derived distribution.  Their apparent reproductive isolation and unique caste 
determination phenotype suggests that they may warrant consideration as a separate 
species, but they are detailed here because, as intraspecific descendants and presumed 
competitors, their phylogeographic history is necessarily intertwined with that of the 
greater P. barbatus species.  However, the phylogeography of the J and H lineages also 
carries implications for hypotheses on the origin and evolution of the GCD phenotype, 
which will be discussed in a separate section below. 
 
Eastern P. barbatus 
Similar to the J2 & H group, the East Pbar clade can be roughly divided into 
interior (East Pbar 1) and peripheral (East Pbar 2) sister clades (Fig. 5).  My mtDNA 
phylogeny indicates that the East Pbar group is a long-diverged sister to all other P. 
barbatus (which are rooted on the southern altiplano of Mexico), but like the J2 lineage, it 
seems that the earlier patterns of dispersal and vicariance for the East Pbar have largely 
been obscured by more recent events.  The deep divergence of the East Pbar suggests 
that it was isolated in the late Miocene or Pliocene (approximately 3-4 mya per the 1.5% 
calibration from Quek et al. 2004, Table 3), but the physiographic and/or ecological 
causes of this vicariance are unclear. 
The distribution of the modern East Pbar 1 clade is consistent with several 
hypotheses for Pleistocene vicariance in the Chihuahuan Desert.  First, my limited 
sampling of southerly East Pbar 1 populations (Pb419, Pb457, Pr425; Table 1) are 
consistent with the well supported hypothesis for one or more Pleistocene refugia in the 
  53 
Bolsón de Mapimí (Morafka 1977, Elias et al. 1995, Orange et al. 1999, Riddle and 
Hafner 2006, Castoe et al. 2007, but see Van Devender et al. 1985).  Second, these 
southernmost East Pbar 1 populations are notably diverged from their more northern 
cousins in New Mexico and Texas (Fig. 3), which supports a hypothesis for one or more 
Chihuahuan Desert refugia north of the Rio Grande River (Smith and Farrell 2005).  
Third, the division between East Pbar 1 and East Pbar 2 is consistent with an emerging 
pattern of Pleistocene vicariance between interior and Gulf Coast clades in snakes 
(Castoe et al. 2007, Mulcahy 2008).  Finally, the East Pbar 1 and SWest Pbar clades 
appear to meet along the above-mentioned Southern Coahuila Filter Barrier (Hafner et al. 
2008), which further suggests that Pogonomyrmex species may have been affected by 
the SCFB and other ecological drivers of sub-province fragmentation in the Chihuahuan 
Desert (Morafka 1977).  However, the chronology of major divergence events recovered 
in my phylogeny suggests that a Pleistocene-aged SCFB could not have been the initial 
cause of divergence between the East Pbar macro group and its more western sisters.  
Rather, the SCFB may have only served to maintain the East Pbar 1 group’s isolation 
from its southern cousins.   
As detailed above, the phylogenetic relationship between the J2 and SWest Pbar 
clades indicates that there was likely a corridor of western P. barbatus on the northern 
altiplano long after the East Pbar group’s mitochondrial lineage had diverged from the 
rest of P. barbatus (Fig. 7).  This chronology leads me to speculate that the East Pbar 1 
clade may have been absent from the northern altiplano during the Pliocene and early 
Pleistocene, and it may be that they only colonized the Bolsón de Mapimí after the 
western P. barbatus clades retreated from that area.  This hypothesis also suggests a 
possible mechanism for the earlier vicariance of the East Pbar clade.  If we assume that 
the East Pbar 1 distribution formed after dispersal from a common ancestor with East 
Pbar 2, then it follows that the East Pbar group may have initially evolved as a coastal 
isolate, separated from the western P. barbatus by the Sierra Madre Oriental. 
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Regardless of their deeper origins, there is strong evidence to suggest that the 
East Pbar 2 clade has experienced an exceptionally broad expansion in recent history.  
In addition to its highly significant Fu's Fs (Table 5), the East Pbar 2 clade includes highly 
similar haplotypes (i.e., 0.1-1.0% p-distance) drawn from populations >950 miles apart.  
The Gulf/Tamaulipan Coastal Plains are a transitional semi-arid shrub province (Brown et 
al. 2007), and a number of the resident vertebrate species are closely related to 
populations in the arid grasslands and deserts to the north and west (Riddle and 
Honeycutt 1990, Castoe et al. 2007).  However, most phylogeographic studies on related 
taxa have included little or no sampling south of Texas, and I know of only one other 
phylogeographic study that has found evidence of recent expansion, and thus presumed 
Pleistocene contraction, through this corridor (Mulcahy 2008).  Interestingly, Mulcahy 
(2008) found evidence for a cryptic mtDNA division in the Great Plains distribution of 
nightsnakes that mirrors the pattern reported here for East Pbar 2.  In both cases, 
easterly populations in the U.S. were found to be more closely related to geographically-
distant Mexican populations in Tamaulipas than to nearby populations to the west (see 
East Pbar 1 and East Pbar 2, Fig. 5).  Mulcahy argues that this pattern is indicative of a 
northward expansion from a Tamaulipan refugium (2008), but the molecular data 
presented here do not provide any indication for an origin or direction for the 
hypothesized expansion in East Pbar 2.  
 
Southwestern and Basal P. barbatus 
 Of all the biogeographic provinces inhabited by Pogonomyrmex barbatus and P. 
rugosus, the southern Mexican Altiplano is the most fragmented.  In addition to the entire 
Basal Prug distribution and incursions from the H lineages and East Pbar 1 from the 
north, the southern altiplano also harbors the two highly diverged Basal Pbar clades in 
the east, and it is dominated by the two sister clades of SWest Pbar in its center and 
western margins (Fig. 5).  This exceptional concentration of mtDNA diversity within a 
single physiographic region and biogeographic province begs a number of questions as 
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to the mechanisms that have arrayed, and apparently maintained, so many discrete 
clades in broad regional parapatry.  Unfortunately, there is a notable paucity of sampling 
and phylogeographic study on arid-adapted species in this region, and I am unaware of 
any clear indications for historical barriers that might be geographically coincident with 
these clades’ current borders.  Thus, I am unable to make any strong inferences from 
phylogeographic comparisons.  However, it is possible to speculate along two general 
axes: First, some of this apparent parapatry may be a relatively immature and unstable 
configuration that reflects recent expansion from more isolated regions, and we might 
expect the mtDNA divisions among some of these clades to erode over time through 
gene flow.  Alternatively, some of these regionally parapatric clades may represent a 
relatively stable phenomenon, indicating that some combination of intrinsic mechanisms 
must have maintained their genetic and spatial separation. 
 The first hypothesis is supported by the observation that four of the seven clades 
found in the southern altiplano extend outside its geographic boundaries, and three of 
those clades show signs of recent expansion.  SWest Pbar 1 and East Pbar 1 were 
significant according to Fu’s Fs (Table 5), and I have inferred expansion in the H lineages 
as well (see above).  This suggests that several of the most widely distributed clades in 
this region, chief among them SWest Pbar 1, may have diverged in allopatry outside the 
traditional boundaries of the southern Mexican Altiplano (i.e., the plateau bounded by the 
southern Sierra Madre Occidental, Sierra Madre Oriental, and the Trans Mexican 
Volcanic Belt (TMVB)).  This region’s nominal southern boundary, the TMVB, is not a 
range of continuous high ridges like the Sierra Madres.  Rather, it is a somewhat porous 
string of sky-island peaks, more akin to the sky-island ranges that dot the lowland 
Cochise Filter Barrier area between the Sierra Madre Occidental and the Mogollon Rim.  
The contemporary SWest Pbar 1 distribution spans the TMVB with closely related 
populations to the north and south (Fig. 5), which suggests that it is not currently a barrier 
to P. barbatus.  However, there is considerable geological, paleoclimatic, and 
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phylogeographic evidence to suggest that the TMVB and its surrounding environs have 
experienced major perturbations over the last several million years. 
 The TMVB is believed to have originated in the mid-to-late Miocene (Ferrari et al. 
1999, Ferrari et al. 2000) and there are indications that extensive volcanic activity may 
have persisted in the region throughout the Pliocene, Pleistocene, and Holocene 
(Johnson and Harrison 1990, Demastes et al. 2002).    Similar to the northern deserts, it 
is believed that Pleistocene climate fluctuations led to repeated expansions and 
contractions of the pine-oak woodlands around the highlands of the southern altiplano 
and TMVB (Metcalfe 2006, Gugger et al. 2011).  A large number of phylogeographic 
studies indicate that these range expansions were broad enough to temporarily unite the 
distributions of woodland/montane species of plants, insects, and vertebrates across the 
southern altiplano, throughout the TMVB, and among the three ranges of the Sierra 
Madre (e.g., Sullivan et al. 1997, Demastes et al. 2001, Anducho-Reyes et al. 2008, 
McCormack et al. 2008, Bryson et al. 2011).  These taxa now dominate highland regions 
where P. barbatus does not seem to occur, so it can be assumed that their Pleistocene 
expansions across lower elevations were likely to have coincided with contractions in the 
distributions of P. barbatus.  Many of these studies identified patterns of mid-Pleistocene 
vicariance around the TMVB, which would be consistent with my coarse estimate of 
divergence between SWest Pbar 1 and SWest Pbar 2 (1.78 mya, Table 4).  This region’s 
complex topography and fragmented ecology may also have contributed to the apparent 
isolation of the lone MX2 sample (Fig. 5), but further speculation on that sample’s 
phylogeographic history must wait for additional sampling in that area. 
 Overall, the evidence above seems to support my first hypothesis: The mtDNA 
fragmentation and broad parapatry on the southern altiplano may primarily be the result 
of recent contact among sister clades that diverged in allopatry, i.e., Pleistocene refugia.  
However, the SWest Pbar 2 and Basal Pbar clades do not match this pattern.  They show 
no signs of recent expansion according to Fu’s Fs, and their contemporary distributions 
suggest that, if they had been isolated during the Pleistocene, they might well have been 
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isolated within the same arid refugia.  Populations from the two clades of the nominal 
Basal Pbar group, along with SWest Pbar 2, were all discovered in close proximity (i.e., 
40-90 miles apart) along the western margins of the Sierra Madre Oriental (Fig. 5).  
However, the deep mtDNA divergences between these three clades suggest a possible 
Pliocene divergence (2.63-3.23 mya, Table 4). 
It seems unlikely that either distance or ephemeral barriers alone could have 
maintained these narrowly distributed Basal Pbar clades over such an extended period, 
but I cannot assess alternative hypotheses, such as speciation, without further study on 
their ecology and genetics.  Such study may be especially warranted with the two 
northern populations in the Basal Pbar group (Pr445 and Pr451, Table 1), which are 
particularly interesting because they possess a distinctly P. rugosus-like morphology.  
They are nominally classified here as P. barbatus because their mtDNA sequences were 
strongly supported as members of the P. barbatus subtree (see Results), but their basal 
position in the phylogenetic tree suggests that their incongruent mtDNA-morphology 
pattern could be the result of either incomplete lineage sorting or ancient introgression.  
Future research with nuclear DNA markers could indicate whether these populations are 
a basal offshoot of either species, or they may even warrant classification as a 
plesiomorphic third species.  In any case, the central phylogenetic and geographic 
positions of these Basal Pbar populations suggest that they may be an important 
resource for studies on the origins of the greater P. barbatus and P. rugosus species 
complex. 
 
Recognizing the J and H lineages as distinct biogeographic entities 
The wide-ranging phylogeographic reconstructions in this study provide several 
key insights into the origins and evolution of the J and H dependent lineages pairs that 
display the GCD phenotype.  Broader geographic sampling has simultaneously allowed 
me to better delineate the biogeographic and phylogenetic boundaries of the J and H 
lineage pairs, confirming that both lineage pairs represent independent evolutionary units 
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via their exclusive physical distributions and cladistic monophyly, respectively.  Although 
they show evidence of historical hybridization (Helms Cahan and Keller 2003, Anderson 
et al. 2006), several studies have confirmed that these lineages are an evolutionarily 
stable group with reproductive isolation from their nominal parental species (Anderson et 
al. 2006, Schwander et al. 2007).  However, previous studies have lacked the breadth of 
population sampling necessary to represent the dependent lineages and their nominal 
parental species in a regional biogeographic context.  Indeed, all previous studies have 
centered on biogeographic intersections, particularly the Cochise Filter Barrier area 
where the Sonoran and Chihuahuan deserts meet, and thus, the J and H lineages have 
largely appeared as distributionally intermingled with their nominal parental species, P. 
rugosus and P. barbatus.  Although there is significant distributional overlap in the 
Cochise Filter barrier area and throughout western Texas, I suggest that this depiction 
may be an artifact of sampling along regional ecotones and physiographic intersections, 
where Holocene climatic shifts are likely to have created new contact among previously 
isolated biogeographic provinces. 
 In contrast, the delineation of the J and H lineages in their respective, and at 
least partially discrete, distributions should advance their recognition as evolutionary 
independent units.  The recognition of the J lineages as the dominant clade in the 
Apache Highlands Ecoregion (Anderson et al. 2011) more accurately ties that group to its 
unique ecological environment.  Similarly, the more complete depiction of the surprisingly 
broad H lineages, which seem largely dominant throughout the Chihuahuan desert, 
indicates that this group may have a unique ecological niche that is distinct from ECD P. 
rugosus, and it may have an advantage over its arid-adapted congeners. 
Moreover, the use of broader, and sometimes denser, sampling has allowed me 
to better identify the geographic and phylogenetic positions of the putative parents for the 
J and H lineages.  It has previously, and widely, been assumed that the ECD P. barbatus 
in New Mexico and Texas (termed East Pbar in this study) were the likely parents of the 
hybrid J and H lineages, which were first described near the Arizona and New Mexico 
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border (Julian et al. 2002, Volny and Gordon 2002, Helms Cahan and Keller 2003).  As 
such, populations from the East Pbar clades were used to investigate patterns of 
admixture and hybrid introgression among the J and H lineages (Helms Cahan and Keller 
2003, Schwander et al. 2007), and those studies suggested that the East Pbar have 
made major nuclear DNA contributions to both the J1 and the H lineages.  However, the 
mtDNA analyses in this study clearly favor populations from south-central Mexico, 
including the MX2 sample and the broadly distributed SWest Pbar clades, as more 
closely related to the J2 and H lineages.   
Because the J1 lineage has an introgressed mitochondria, it is impossible to 
determine its origin among P. baratus via mtDNA phylogenetics alone.  However, J1’s 
phylogenetic pattern can be strongly linked to the J2 lineage by several indirect lines of 
evidence.  First, the current distribution and life history of the J1 lineage seems 
immutably linked to J2, which leads me to presuppose a shared origin for the two J 
lineages.  Additionally, the mitochondrial lineage of J1 appears to be derived from one of 
the western clades of P. rugosus in either the Sonoran or Mojave deserts.  These desert 
P. rugosus clades occupy areas adjacent to the current distribution of J2 (and J1) in the 
Apache highlands, and all other putative P. barbatus parents for J1 are much further 
removed in New Mexico, Texas, or South-central Mexico (Fig. 2).  Thus, in terms of 
phylogeography and life history, the J2 lineage seems to be the most parsimonious 
source for the J1 lineage’s P. barbatus ancestry.   
Unfortunately, this study did not recover any additional populations that were 
closely related to the MX2 sample, and I lack the nuclear data necessary to repeat the 
admixture analyses conducted in previous studies.  Nevertheless, it seems clear that 
future studies on the hybrid character and putative origins of the GCD lineages would 
benefit from including these southern Mexico clades in their analyses. 
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Origin and evolution of dependent lineage pairs with GCD 
 Consistent with the nuclear and mtDNA data from Anderson et al. (2006), this 
study found that the J2 clade contained far more internal genetic variation than either the 
J1 or the combined H lineages clade (Table 4).  Despite sampling a similar number of 
populations across the same geographic range (J2 N=17, J1 N=15), the J2 clade’s 
internal p-distance estimate (1.72%) is approximately three times that of the J1 clade 
(0.57%).  Moreover, the J1 clade’s Fu's Fs estimate was also statistically significant, 
suggesting that this mitochondrial lineage has undergone significant expansion in recent 
history.  This finding is especially notable because the J2 clade does not carry this 
signature of expansion, but it has never been found outside sympatry with J1 (Anderson 
et al. 2006, Schwander et al. 2007, Anderson et al. 2011), and indeed, our conceptual 
understanding of the GCD system necessitates that the two lineages expand and 
contract their distributions in concert because neither can survive without the other.  This 
conceptual framework logically predicts that the two lineages should share similar 
effective population sizes, and they should carry similar signatures of historical population 
demographics.  If we accept the assumption that the contemporary J2 lineage is 
obligately tied to J1, then we must conclude that the observed mtDNA patterns of J2 
predate its obligate sympatry with the hybrid introgressed J1 lineage. 
 This conclusion does not definitively address the origins of the GCD phenotype, 
but it indicates that the J2 lineage must have occupied a relatively stable distribution 
throughout much of the Pleistocene, long before its contact with the J1 mtDNA lineage.  
One model for the origin of GCD suggests that it may have evolved in the ancestral J2 
clade first, then subsequently introgressed into the J1 and H lineages (Anderson et al. 
2006).  However, if the GCD phenotype, and its commensurate dependent lineage pairs, 
were already distributed throughout the J2 clade’s geographic distribution, then it is 
difficult to explain the rapid radiation of the newly formed J1 mtDNA clade through the 
populations of this established system.  On the other hand, if we hypothesize that the 
introgression that created the new J1 mtDNA clade is also tied to the generation of some 
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sort of egoistic gene complex (as hypothesized for the GCD phenotype; Anderson et al. 
2006), then it is easier to imagine its rapid expansion throughout the established range of 
the J2 clade.  Under this egoistic gene model, the J2 clade’s various populations would 
presumably have undergone some initial process of genetic sorting when they contacted 
the GCD mechanism vectored through J1, but it is conceivable that these perturbations 
would have left the J2 clade’s mtDNA, and thus its deeper demographic history, intact.  
Interestingly, this model of egoistic gene invasion generates some testable predictions: 
Specifically, it hypothesizes a genetic reshuffling in J2 that should, at least in part, be 
idiosyncratic for each J2 population.  Since this hypothetical J1 ancestor was likely to be 
invading with a fresh supply of introgressed markers from P. rugosus, each of these 
hypothetical J2 ancestral populations might have received their own unique combination 
of P. rugosus-derived chromosomal elements.
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Table 1: Detailed summary of all sample collections and their analysis.  Minor clades with highly similar taxa (≤3bp divergence) were reduced to a 
single representative (bold IDs marked with a bullet •) for computationally intensive portions of the analysis (see Methods).  Daggers (†) mark the 
34 samples drawn from 17 sympatric sites.  Morphospecies is according to Cole (1968).  Ingroup samples were also assigned to either of two 
mtDNA species categories according to the presumed species bifurcation in the phylogeny (Fig. 3).  Asterisks (*) indicate concordance between 
morphology and mitochondrial lineage; all other entries indicate incongruence as a result of hybrid introgression or ancestral variation.  
Phylogenetic clade group assignment is depicted in the phylogeny (Fig. 3), and in the distribution maps (Figs. 4 & 5). 
Sequence ID Redundant sample groups Coordinates Morphospecies mtDNA species Phylogenetic clade groups 
  
 (degrees North, 
degrees West)   Macro group Subgroup 
P. hua_AY510657 - - P. huachucanus - Outgroup - 
P. bad_AY510634 - - P. badius - Outgroup - 
P. bic_AY510644 - - P. bicolor - Outgroup - 
Pr1 - 29.3852, -114.3819 P. rugosus * South Prug Baja Prug 
Pr2-G33 Grp33 31.2677, -115.5977 P. rugosus * North Prug Prug 3 
Pr3-G33 Grp33 33.2152, -116.4544 P. rugosus * North Prug Prug 3 
Pr4 - 34.0094, -116.0961 P. rugosus * North Prug Prug 3 
Pr5-G33• Grp33• 37.0433, -116.7700 P. rugosus * North Prug Prug 3 
Pr6 - 37.6725, -115.1952 P. rugosus * North Prug Prug 3 
Pr7 - 37.2294, -115.0877 P. rugosus * North Prug Prug 3 
Pr8 - 37.0608, -113.5955 P. rugosus * North Prug Prug 3 
Pr9-G32• Grp32• 37.2900, -113.1186 P. rugosus * North Prug Prug 3 
Pr10-G32 Grp32 37.0202, -112.5388 P. rugosus * North Prug Prug 3 
Pr11 - 34.1083, -112.9402 P. rugosus * North Prug Prug 3 
Pr12 - 36.9197, -111.4797 P. rugosus * North Prug Prug 1 
Pr13-G26 Grp26 35.6238, -111.5169 P. rugosus * North Prug Prug 1 
Pr14-G26 Grp26 36.4016, -111.5333 P. rugosus * North Prug Prug 1 
Pr15-G27• Grp27• 36.4391, -110.7516 P. rugosus * North Prug Prug 1 
Pr16-G26 Grp26 36.8525, -110.2691 P. rugosus * North Prug Prug 1 
Pr17-G26• Grp26• 37.2838, -109.5327 P. rugosus * North Prug Prug 1 
Pr18-G26 Grp26 38.6066, -109.5872 P. rugosus * North Prug Prug 1 
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Sequence ID Redundant sample groups Coordinates Morphospecies mtDNA species Phylogenetic clade groups 
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Pr19-G27 Grp27 34.5150, -109.4505 P. rugosus * North Prug Prug 1 
Pb20-G28 Grp28 32.7819, -108.4644 P. barbatus P. rugosus J J1 
Pb21-G16† Grp16 32.8119, -108.1130 P. barbatus * East Pbar East Pbar 1 
Pb22-G16•† Grp16• 32.8119, -108.1130 P. barbatus * East Pbar East Pbar 1 
Pr23-G2• Grp2• 32.9586, -105.9547 P. rugosus P. barbatus H H 
Pr24-G27 Grp27 36.1233, -106.0255 P. rugosus * North Prug Prug 1 
Pr25-G4 Grp4 38.1516, -104.6502 P. rugosus P. barbatus H H 
Pr26 - 31.7702, -105.4186 P. rugosus P. barbatus H H 
Pr27-G4 Grp4 33.4575, -105.3380 P. rugosus P. barbatus H H 
Pr28-G4• Grp4• 31.7613, -104.9322 P. rugosus P. barbatus H H 
Pr30 - 32.1769, -104.3783 P. rugosus P. barbatus H H 
Pr31 - 29.5930, -103.2263 P. rugosus P. barbatus H H 
Pr32-G1 Grp1 29.6233, -103.1166 P. rugosus P. barbatus H H 
Pb35-G18• Grp18• 18.9177, -97.6894 P. barbatus * East Pbar East Pbar 2 
Pb36-G21• Grp21• 18.2852, -96.1927 P. barbatus * East Pbar East Pbar 2 
Pb37 - 21.0336, -104.2558 P. barbatus * SWest Pbar SWest Pbar 1 
Pb38-G13• Grp13• 20.9233, -104.0083 P. barbatus * SWest Pbar SWest Pbar 1 
Pb39-G9 Grp9 20.7350, -103.4491 P. barbatus * SWest Pbar SWest Pbar 2 
Pb40 - 20.4927, -103.4902 P. barbatus * SWest Pbar SWest Pbar 2 
Pb41-G13 Grp13 19.5072, -103.4427 P. barbatus * SWest Pbar SWest Pbar 1 
Pb42 - 19.2650, -103.7247 P. barbatus * SWest Pbar SWest Pbar 1 
Pb43-G12 Grp12 18.1188, -102.2811 P. barbatus * SWest Pbar SWest Pbar 1 
Pb44-G12• Grp12• 18.4352, -102.0875 P. barbatus * SWest Pbar SWest Pbar 1 
Pr46-G3 Grp3 30.1216, -106.4188 P. rugosus P. barbatus H H 
Pr47-G1 Grp1 29.4736, -106.4052 P. rugosus P. barbatus H H 
Pr48 - 28.5986, -105.9911 P. rugosus P. barbatus H H 
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Pr49 - 28.2977, -105.5077 P. rugosus P. barbatus H H 
Pr50 - 27.6591, -105.1500 P. rugosus P. barbatus H H 
Pr51-G1 Grp1 26.8897, -105.6011 P. rugosus P. barbatus H H 
Pr52 - 26.3994, -105.4141 P. rugosus P. barbatus H H 
Pr54 - 24.7866, -104.4772 P. rugosus P. barbatus H H 
Pb55-G10•† Grp10• 24.6080, -104.6447 P. barbatus * SWest Pbar SWest Pbar 1 
Pr56-G24† Grp24 24.6080, -104.6447 P. rugosus * South Prug Basal Prug 
Pb57† - 24.1525, -104.7066 P. barbatus * SWest Pbar SWest Pbar 1 
Pr58†† - 24.1525, -104.7066 P. rugosus * South Prug Basal Prug 
Pr59-G24• Grp24• 23.9941, -104.7358 P. rugosus * South Prug Basal Prug 
Pr60 - 26.0572, -108.7805 P. rugosus * South Prug S.Mx Prug 
Pr61 - 26.1286, -108.7388 P. rugosus * South Prug S.Mx Prug 
Pr62-G25• Grp25• 26.4430, -108.6008 P. rugosus * South Prug S.Mx Prug 
Pr64-G25 Grp25 26.7266, -109.2850 P. rugosus * South Prug S.Mx Prug 
Pr66-G25 Grp25 27.6055, -110.0430 P. rugosus * South Prug S.Mx Prug 
Pr67 - 27.9783, -110.7788 P. rugosus * South Prug S.Mx Prug 
Pr68 - 28.6683, -110.9958 P. rugosus * North Prug Prug 2 
Pr69 - 29.5544, -111.0130 P. rugosus * North Prug Prug 2 
Pb70 - 30.0811, -111.0908 P. barbatus P. rugosus J J1 
Pr71 - 30.2025, -111.0919 P. rugosus * North Prug Prug 2 
Pb72-G5 Grp5 30.5641, -111.0913 P. barbatus * J J2 
Pr97-G29 Grp29 32.2685, -112.7393 P. rugosus * North Prug Prug 2 
Pr99 - 32.8848, -112.4687 P. rugosus * North Prug Prug 2 
Pr100-G29• Grp29• 32.3371, -111.0826 P. rugosus * North Prug Prug 2 
J2-1-G5† Grp5 30.8865, -110.6374 P. barbatus * J J2 
J2-2† - 31.7347, -110.0180 P. barbatus * J J2 
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J2-3-G6•† Grp6• 31.3151, -108.8500 P. barbatus * J J2 
J2-4† - 30.7830, -109.5761 P. barbatus * J J2 
J2-5-G5•† Grp5• 32.5863, -110.7250 P. barbatus * J J2 
J2-6-G7•† Grp7• 31.7044, -110.4402 P. barbatus * J J2 
J2-7† - 31.5886, -111.4961 P. barbatus * J J2 
J2-8-G5† Grp5 33.0369, -109.1311 P. barbatus * J J2 
J1-1† - 30.8865, -110.6374 P. barbatus P. rugosus J J1 
J1-2-G28•† Grp28• 31.7347, -110.0180 P. barbatus P. rugosus J J1 
J1-3-G30•† Grp30• 31.3151, -108.8500 P. barbatus P. rugosus J J1 
J1-4-G30† Grp30 30.7830, -109.5761 P. barbatus P. rugosus J J1 
J1-5-G28† Grp28 32.5863, -110.7250 P. barbatus P. rugosus J J1 
J1-6-G28† Grp28 31.7044, -110.4402 P. barbatus P. rugosus J J1 
J1-7-G28† Grp28 31.5886, -111.4961 P. barbatus P. rugosus J J1 
J1-8-G28† Grp28 33.0369, -109.1311 P. barbatus P. rugosus J J1 
Pb401-G5 Grp5 31.0483, -110.8942 P. barbatus * J J2 
Pb404-G6 Grp6 31.3151, -109.1387 P. barbatus * J J2 
Pr405-G2 Grp2 31.2096, -108.5401 P. rugosus P. barbatus H H 
Pr408red-G1† Grp1 30.3752, -107.9603 P. rugosus P. barbatus H H 
Pr408black-G3† Grp3 30.3752, -107.9603 P. rugosus P. barbatus H H 
Pr410-G3• Grp3• 29.7603, -107.5325 P. rugosus P. barbatus H H 
Pr414-G3 Grp3 28.3810, -106.7566 P. rugosus P. barbatus H H 
Pr418-G1• Grp1• 26.9952, -104.7029 P. rugosus P. barbatus H H 
Pb419-G17 Grp17 25.8937, -103.6280 P. barbatus * East Pbar East Pbar 1 
Pr424 - 24.8239, -103.6790 P. rugosus * South Prug Basal Prug 
Pr425-G17• Grp17• 24.2303, -103.3790 P. rugosus P. barbatus East Pbar East Pbar 1 
Pb426-G10 Grp10 23.8157, -103.0091 P. barbatus * SWest Pbar SWest Pbar 1 
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Pr429† - 22.0806, -102.2777 P. rugosus P. barbatus H H 
Pb429-G9•† Grp9• 22.0806, -102.2777 P. barbatus * SWest Pbar SWest Pbar 2 
Pb433 - 22.0110, -100.8394 P. barbatus * SWest Pbar SWest Pbar 2 
Pb436 - 22.8663, -100.2821 P. barbatus * Basal Pbar Basal Pbar 
Pb437 - 22.8039, -99.9187 P. barbatus * Basal Pbar Basal Pbar 
Pb439-G19• Grp19• 23.6745, -99.1070 P. barbatus * East Pbar East Pbar 2 
Pb441 - 24.5874, -99.5342 P. barbatus * SWest Pbar SWest Pbar 2 
Pb444-G19 Grp19 25.6856, -100.4789 P. barbatus * East Pbar East Pbar 2 
Pr445-G15• Grp15• 25.5414, -100.8657 P. rugosus P. barbatus Basal Pbar Basal Pbar 
Pr451-G15 Grp15 24.0266, -101.0435 P. rugosus P. barbatus Basal Pbar Basal Pbar 
Pb453 - 24.5245, -101.3684 P. barbatus * SWest Pbar SWest Pbar 2 
Pb457 - 26.9911, -101.3665 P. barbatus * East Pbar East Pbar 1 
Pr462 - 25.8863, -102.9027 P. rugosus P. barbatus H H 
PbQ1-G11•† Grp11• 20.6663, -100.0706 P. barbatus * SWest Pbar SWest Pbar 1 
PbQ2-G11† Grp11 20.6663, -100.0707 P. barbatus * SWest Pbar SWest Pbar 1 
MX1-G21 Grp21 19.3946, -96.3617 P. barbatus * East Pbar East Pbar 2 
MX2 - 18.5697, -99.4016 P. barbatus * MX2 MX2 
1BAR - 34.7666, -112.4333 P. barbatus P. rugosus J J1 
2BAR - 34.7166, -111.9000 P. barbatus * J J2 
3BAR - 34.1666, -111.3333 P. barbatus P. rugosus J J1 
4BAR-G28 Grp28 33.7166, -111.3666 P. barbatus P. rugosus J J1 
5BAR - 33.5500, -110.7000 P. barbatus * J J2 
6BAR-G8 Grp8 31.3833, -111.0500 P. barbatus * J J2 
7BAR-G8• Grp8• 31.7000, -110.3666 P. barbatus * J J2 
8BAR-G7 Grp7 31.6666, -109.6833 P. barbatus * J J2 
9BAR-G28 Grp28 31.8000, -109.0500 P. barbatus P. rugosus J J1 
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10BAR - 32.2666, -108.5333 P. barbatus * J J2 
11BAR† - 32.2666, -108.3666 P. barbatus P. rugosus J J1 
12BAR - 32.9000, -105.1500 P. barbatus * East Pbar East Pbar 1 
13BAR - 35.2500, -102.6500 P. barbatus * East Pbar East Pbar 1 
14BAR† - 35.2833, -102.0500 P. barbatus * East Pbar East Pbar 1 
15BAR - 35.2333, -101.3666 P. barbatus * East Pbar East Pbar 1 
16BAR-G20• Grp20• 35.2166, -97.4166 P. barbatus * East Pbar East Pbar 2 
17BAR-G20 Grp20 33.8666, -101.8500 P. barbatus * East Pbar East Pbar 2 
18BAR-G20 Grp20 32.7166, -102.4166 P. barbatus * East Pbar East Pbar 2 
19BAR-G18 Grp18 32.7166, -100.9000 P. barbatus * East Pbar East Pbar 2 
20BAR - 30.2666, -97.7666 P. barbatus * East Pbar East Pbar 2 
21RUG-G34• Grp34• 38.6166, -118.7666 P. rugosus * North Prug Prug 3 
22RUG-G34 Grp34 38.7166, -117.6500 P. rugosus * North Prug Prug 3 
23RUG - 36.1666, -115.8833 P. rugosus * North Prug Prug 3 
24RUG-G31• Grp31• 35.9666, -114.9000 P. rugosus * North Prug Prug 3 
25RUG - 33.6666, -113.7666 P. rugosus * North Prug Prug 3 
26RUG-G31 Grp31 34.7833, -112.4500 P. rugosus * North Prug Prug 3 
27RUG - 33.8000, -112.2333 P. rugosus * North Prug Prug 3 
28RUG - 32.9333, -111.7000 P. rugosus * North Prug Prug 2 
29RUG - 33.7333, -111.4166 P. rugosus * North Prug Prug 3 
30RUG-G23• Grp23• 33.5500, -110.7000 P. rugosus * North Prug Prug 1 
31RUG-G27 Grp27 34.9833, -110.0833 P. rugosus * North Prug Prug 1 
32RUG-G23 Grp23 32.7166, -109.5000 P. rugosus * North Prug Prug 1 
33RUG - 32.3666, -109.6333 P. rugosus * North Prug Prug 2 
34RUG-G2 Grp2 32.2666, -109.2333 P. rugosus P. barbatus H H 
43RUG1-G2† Grp2 32.2666, -107.0166 P. rugosus P. barbatus H H 
  
77 
Sequence ID Redundant sample groups Coordinates Morphospecies mtDNA species Phylogenetic clade groups 
  
 (degrees North, 
degrees West)   Macro group Subgroup 
36RUG-G3 Grp3 31.9166, -109.0333 P. rugosus P. barbatus H H 
37RUG† - 32.2666, -108.3666 P. rugosus P. barbatus H H 
38RUG - 34.1000, -106.9166 P. rugosus * North Prug Prug 1 
39RUG-G22• Grp22• 34.8166, -106.8000 P. rugosus * North Prug Prug 1 
41RUG - 34.9833, -104.8166 P. rugosus P. barbatus H H 
42RUG† - 35.2833, -102.0500 P. rugosus P. barbatus H H 
43RUG2-G22† Grp22 32.2666, -107.0166 P. rugosus * North Prug Prug 1 
44RUG - 32.8166, -104.7333 P. rugosus P. barbatus H H 
45RUG-G3 Grp3 32.7166, -105.9833 P. rugosus P. barbatus H H 
46RUG-G1 Grp1 32.7500, -101.7000 P. rugosus P. barbatus H H 
!
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Table 2: Average uncorrected pairwise distances within (center diagonal) and between (lower triangle) each mtDNA species subtree.  Time since 
most recent common ancestor (in millions of years, upper triangle) is given according to the cox1 calibration from Quek et al. (2004).  The three 
outgroup species are also included together. 
  P. barbatus P. rugosus Outgroups 
P. 
barbatus 3.5% 4.40 7.40 
P. rugosus 6.6% 2.6% 7.27 
Outgroups 11.1% 10.9% 12.4% 
!
Table 3: Average uncorrected pairwise distances within (center diagonal) and between (lower triangle) all nominal macro groups as identified in 
the phylogeny (Fig. 3).  Time since most recent common ancestor (in millions of years, upper triangle) is given according to the cox1 calibration 
from Quek et al. (2004). 
  (J2+H) Mx2 SWest Pbar East Pbar Basal Pbar North Prug J1 South Prug Outgroups 
(J2+H) 1.70% 2.27 2.47 3.53 3.20 4.27 4.13 4.33 7.47 
Mx2 3.40% n/c 2.80 3.40 2.93 4.53 4.40 4.60 7.73 
SWest 
Pbar 3.70% 4.20% 2.00% 3.40 3.20 4.40 4.20 4.40 7.27 
East Pbar 5.30% 5.10% 5.10% 1.60% 3.20 4.80 4.47 4.73 7.40 
Basal Pbar 4.80% 4.40% 4.80% 4.80% 3.00% 4.53 4.13 4.40 7.40 
North Prug 6.40% 6.80% 6.60% 7.20% 6.80% 2.20% 1.40 2.60 7.33 
J1 6.20% 6.60% 6.30% 6.70% 6.20% 2.10% 0.60% 2.33 7.07 
South 
Prug 6.50% 6.90% 6.60% 7.10% 6.60% 3.90% 3.50% 3.30% 7.4 
Outgroups 11.20% 11.60% 10.90% 11.10% 11.10% 11.00% 10.60% 11.10% 12.40% 
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Table 4: Average uncorrected pairwise distances within (center diagonal) and between (lower triangle) all nominal subgroups as identified in the 
phylogeny (Fig. 3).  Estimated time since most recent common ancestor (in millions of years, upper triangle) is given according to the cox1 
calibration from Quek et al. (2004). 
  H1 & H2 J2 Mx2 
SWest 
Pbar 1 
SWest 
Pbar 2 
East 
Pbar 1 
East 
Pbar 2 
Basal 
Pbar 
N. 
Basal 
Pbar 
S. 
Prug 1 Prug 2 Prug 3 J1 S.Mx Prug 
Baja 
Prug 
Basal 
Prug Outgroups 
H1 & H2 1.15% 1.41 2.20 2.54 2.11 3.60 3.48 3.39 2.95 4.04 4.61 4.24 4.12 4.27 4.50 4.28 7.39 
J2 2.12% 1.72% 2.36 2.71 2.30 3.58 3.46 3.46 2.94 4.23 4.68 4.30 4.16 4.46 4.60 4.48 7.56 
Mx2 3.29% 3.54% n/c 2.96 2.44 3.50 3.31 2.98 2.86 4.42 4.82 4.44 4.37 4.57 4.62 4.64 7.74 
SWest 
Pbar 1 3.82% 4.07% 4.45% 1.49% 1.78 3.74 3.40 3.74 3.02 4.47 4.68 4.42 4.24 4.69 4.75 4.39 7.35 
SWest 
Pbar 2 3.16% 3.45% 3.66% 2.67% 1.36% 3.26 2.99 3.23 2.63 4.10 4.54 4.17 4.07 4.11 4.47 4.05 7.10 
East Pbar 
1 5.39% 5.38% 5.25% 5.61% 4.89% 1.02% 1.55 3.56 3.08 4.92 5.24 4.83 4.62 5.03 5.26 4.85 7.63 
East Pbar 
2 5.23% 5.20% 4.97% 5.10% 4.49% 2.33% 0.70% 3.35 2.74 4.58 4.79 4.63 4.32 4.53 4.84 4.43 7.24 
Basal 
Pbar N. 5.09% 5.19% 4.46% 5.60% 4.85% 5.34% 5.02% 0.19% 2.70 4.69 4.90 4.40 4.12 4.68 4.93 4.22 7.39 
Basal 
Pbar S. 4.43% 4.41% 4.29% 4.53% 3.95% 4.62% 4.11% 4.04% 1.91% 4.37 4.63 4.38 4.11 4.33 4.82 4.04 7.37 
Prug 1 6.06% 6.35% 6.64% 6.71% 6.15% 7.37% 6.86% 7.03% 6.56% 1.40% 2.05 1.93 1.96 2.44 3.14 3.00 7.42 
Prug 2 6.92% 7.01% 7.23% 7.02% 6.81% 7.87% 7.19% 7.36% 6.94% 3.07% 1.20% 1.53 1.28 2.30 3.14 3.20 7.45 
Prug 3 6.36% 6.45% 6.67% 6.63% 6.25% 7.24% 6.95% 6.59% 6.58% 2.90% 2.29% 0.98% 1.13 2.10 2.75 3.08 7.22 
J1 6.18% 6.24% 6.55% 6.36% 6.11% 6.93% 6.49% 6.18% 6.17% 2.94% 1.92% 1.69% 0.57% 1.99 2.54 2.87 7.07 
S.Mx Prug 6.40% 6.68% 6.86% 7.03% 6.16% 7.55% 6.80% 7.01% 6.50% 3.66% 3.45% 3.15% 2.98% 0.95% 3.06 3.17 7.60 
Baja Prug 6.74% 6.89% 6.93% 7.13% 6.70% 7.89% 7.26% 7.40% 7.23% 4.70% 4.71% 4.13% 3.81% 4.59% n/c 3.59 7.44 
Basal 
Prug 6.42% 6.71% 6.96% 6.59% 6.07% 7.28% 6.64% 6.33% 6.05% 4.50% 4.80% 4.62% 4.31% 4.75% 5.38% 1.01% 7.16 
Outgroups 11.08% 11.34% 11.61% 11.03% 10.65% 11.45% 10.86% 11.09% 11.05% 11.13% 11.18% 10.83% 10.60% 11.40% 11.15% 10.74% 12.40% 
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Table 5: Fu’s Fs test for recent population expansion in all nominal subgroup clades identified in the phylogeny (Fig. 3). 
Subgroup n Fu's Fs P-value 
H1 & H2 33 -4.2387 0.0754 
J2 17 -1.2268 0.2870 
Mx2 1 - - 
SWest Pbar 1 11 -3.0567 0.0450 
SWest Pbar 2 6 -0.4599 0.2330 
East Pbar 1 9 -2.7712 0.0449 
East Pbar 2 10 -4.5685 0.0060 
Basal Pbar 4 1.6063 0.4920 
Prug 1 13 2.0364 0.8070 
Prug 2 8 -2.0593 0.0800 
Prug 3 20 -9.4732 0.0010 
J1 15 -4.1004 0.0252 
S.Mx Prug 6 0.7269 0.5536 
Baja Prug 1 - - 
Basal Prug 4 0.4093 0.3514 
 
